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Abstract
Increasing global population, growing per capita energy needs, diminishing fossil fuels,
and climate change collectively will require new, innovative, and sustainable alternatives
to meet the world’s growing energy needs. One of the most promising yet simple
approaches are dye-sensitized solar cells (DSSCs). However, conventional DSSCs use
semi-conductor anodes sensitized with complex synthetic organometallic dyes. Most dyes
utilize ruthenium complexes to absorb photons, which upon excitation, inject electrons into
the anode, while holes migrate to the cathode via liquid electrolyte. However, these dyes
are expensive, difficult to make, and resource-limited. This dissertation focuses on
replacing synthetic dyes with the naturally occurring, biological pigment-protein complex
photosystem I (PSI). Using synthetic biology we have engineered PSI subunits (PsaD and
PsaE) along with ferredoxin to bind to metal-oxides using metal-oxide binding peptides
(MOBiP). Specifically, we have produced ZnO binding peptides (ZOBiP) fused PSI
subunits (PsaD and PsaE) and TiO2 binding peptides (TOBiP) fused ferredoxin (Fd).
Recombinantly produced ZOBiP-PsaD/E and TOBiP-Fd have been characterized via
Western blotting, CD, and MALDI-TOF. The ZOBiP-PSI subunits have been used to
replace wild-type PsaD/E at efficiencies up to 90%, and TOBiP-Fd has been cross-linked
to PSI. These MOBiP-PSI complexes have been produced and incubated with various
metal-oxide nanoparticles, showing a selectivity in binding. We will take advantage of this
to create efficient MOBiP-PSI DSSCs. Photocurrent has been generated by MOBiP-PSI
complexes. Surface area of the DSSCs is being increased by the inclusion of ZnO and TiO2
nanowires. Constructs are being made to produce these MOBiP-PSI complexes in vivo
using two different species of cyanobacteria (Syn 6803 and T.e.).
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CHAPTER 1
LITERATURE REVIEW
1.1

Human Development via Technology
Humans, overcoming incredible biological disadvantages, have outcompeted all

other forms of life on earth and now survive and thrive on even the most inhospitable
locations on this world and even in outer space. Our species, which is weak, slow, and
undergoes a lengthy development to adulthood when compared to others, has accomplished
this through the development of specialized tools and technologies. Evidence for the
utilization of stone artifacts in multiple sites in East Africa by hominids 2.5-1.5 million BP
(before present) during the Lower Paleolithic has been documented (James, 1989). The
origins of controlled fire for protection and cooking are less cut and dry, with evidence
spanning from 1.7-0.2 million BP, with undisputed hearths first appearing 400,000 BP in
Europe (James, 1989). The earliest civilizations located in the Fertile Crescent harvested
and cultivated wild cereals leading to the Neolithic Revolution (Brown et al., 2009).
Hominids have been constantly discovering and inventing new ways to shape the world
around us, affording our lives more safety and leisure. During the 1800’s mankind
implemented technologies that would drastically alter the landscape of what they could
accomplish along with the surface of the very planet we inhabit.

1.2

Production of Energy Explodes During the Industrial Revolution
The industrial revolution marked the beginning of large scale combustion of fossil

fuels to generate vast amounts of energy for consumption on a scale that had never been
seen. These population and energy explosions seen in Figure 1.1 led to an unprecedented

2

Figure 1.1 Worldwide Population and Energy Use.
Estimated population and energy consumption for the world are shown in solid and dashed
lines, respectively. The growth of both increases dramatically after the 1940s. (Data is from
the U.S. Department of Energy and Energy Transitions: History, Requirements and
Prospects with population data from U.S. Bureau of the Census.)
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strain on the earth’s ecosystems. Nearly 80% of the energy currently being consumed
worldwide is derived from fossil fuels as shown in Figure 1.2. Since the industrial
revolution in the 1800s, this burning of fossil fuels has resulted in a dramatic increase of
CO2 put into the atmosphere (Figure 1.3). This has been very carefully documented weekly
at the observatory at Mauna Loa in Hawaii beginning March 1958.
Although there has been debate about the cause(s) of the global increase in
atmospheric CO2, the case for contribution by post-industrial revolution human activities
is quite strong. There are a range of carbon isotopes present on earth: 12C, 13C, and 14C. It
has been shown that plants (C3 plants more than C4 plants) all slightly discriminate against
the heavier carbon isotope

13

C and prefer

12

C (Farquhar et al., 1989), this is due to

discrimination by Rubisco or PEP carboxylase, respectively. Because of this, plants have
concentrated 12C as biomass, and this can be assumed to be the case in fossil fuels that are
derived from ancient plants. Through probing stable carbon isotopes of fossilized sponges,
the amount of the CO2 in the atmosphere has been transitioning to 12C (Bohm et al., 2002).
This seems to align with the theory that humans are largely responsible for the release of
CO2 into the atmosphere by burning plant-derived material (such as fossil fuels), and is
shown in Figure 1.4. This figure shows the fraction of

13

C in the atmosphere has been

rapidly declining since the industrial revolution as fossil fuels have been converted into
CO2 by mankind. It is unknown what long-term effects these unprecedented changes
brought about by mankind will have on the environment.

1.3

Adverse Effects and the Necessity of Fossil Fuels
Some idea of the incredible impact that humans have on the earth can be elucidated

by studying the amount of resources we consume. Nearly 20 years ago it was determined

4

Figure 1.2 Worldwide Energy Use by Type 2008.
This shows the amount in ExaJoules (and percent) of energy consumed by type for the
world. Oil 181.5 (36.4), Coal 135.0 (27.1), Gas 113.9 (22.9), Hydro 31.7 (6.4), Nuclear
29.5 (5.9), and Renewables 6.3 (1.3). This shows that most of the energy used is derived
from fossil fuels with a very small amount as renewable resources. Source International
Energy Outlook 2008.
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Figure 1.3 Atmospheric CO2 Concentration.
This shows the average CO2 concentration in the atmosphere, both monthly (red) and
yearly (black) data is shown. The yearly cycle of spring growth/CO2 uptake and fall
senescence/CO2 release is clearly visible. (Data is from the Mauna Loa Observatory,
Hawaii.)
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Figure 1.4 Atmospheric 13C CO2 Concentration.
This shows the fraction of 13C containing CO2 in the atmosphere has been decreasing
steadily since the 1800’s. In fact, since 1950 the decline has seemed to hasten. This is
proposed to be because of humankind burning fossil fuels that are highly enriched in 12C,
releasing much more of this carbon isotope into the atmosphere when compared to 13C.
Source (Bohm et al., 2002)
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that humans are responsible for using 42%, 30% and 50% of terrestrial, marine, and fresh
water net primary productivity (Vitousek et al., 1997) with 50% of the planet’s land
transformed for human use (40% for food production alone). While these numbers are
shocking, even worse is the effect we are having on biodiversity. Keeping in mind the
amount of land transformed by human use along with hunting and pollution, the number
of extinctions world-wide strongly correlates with the explosion in human population as
shown in Figure 1.5. In fact, this extinction rate has been estimated to be 100 or even 1000
times higher than normal (May, 1988), leading some scientists to term this the Holocene
extinction or the Sixth extinction.
While this is all depressing news, it is made worse by the fact that the population
in many countries is still growing very quickly (CIA World Factbook) and the disparity in
the amount of energy use by developed and developing countries. Figure 1.6 shows how
much energy is used per capita in various countries compared to the world; it is very
obvious that developing countries are not generating and using enough energy to meet the
needs of their citizens. In fact, nearly 1.3 billion people have no access to electricity and
2.7 billion use traditional biomass to power their stoves (WEO-2014). Lack of access to
electricity from World Energy Outlook 2014 (IEA) is broken down by region in Table 1.1.
This information, taken together with the current dependence of the world on fossil fuels
(Figure 1.2), implies that as countries such as India and ones in sub-Saharan Africa develop
and their energy use per capita increases to that of higher income countries we will use
much more energy and thus fossil fuels on a global scale. The improvement of quality of
life that increased access to energy in developing countries provides comes at the cost of
negative impact to the environment.

8

Figure 1.5 Correlation of Human Population and Extinction.
This shows growth in human population (red, right axis) plotted against the year on the xaxis. Also shown is thousands of extinctions (blue, left axis). Source USGS.
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Figure 1.6 Energy Consumption per Capita.
The amount of energy consumed per capita (in kilogram of oil equivalent) for various
countries, regions, and economic groups is shown. Source (IEA)

10
Table 1.1 Energy Deficiency.
Population without Electricity (Millions)
Africa
North Africa
Sub-Saharan Africa
Developing Asia
China
India
Latin America
Middle East
Developing Countries
World

622
1
621
620
3
304
23
18
1,283
1,285

Total ER

Urban ER

Rural ER

43%
99%
32%
83%
100%
75%
95%
92%
76%
82%

68%
100%
59%
95%
100%
94%
99%
98%
91%
94%

26%
99%
16%
74%
100%
67%
82%
78%
64%
68%

Listed are geographical areas and the number of their inhabitants that have no access to electricity.
The total electrification rate (ER) for the area is shown and broken down into both urban and rural
ER as well. Data from the World Energy Outlook 2014.
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1.4

A Finite Supply of Fossil Fuels and Peak Oil
While the growth in human population coupled with the industrialization of

underdeveloped countries necessitates increases in worldwide energy production, our
heavy reliance on fossil fuels is not sustainable. Though many new technologies for fossil
fuel discovery and extraction methods are becoming available, which is demonstrated in
the proven world oil reserves (Figure 1.7), there is not an unlimited supply of extractable
fossil fuels. In fact, in 1956 King Hubbert theorized that for any set geographical area the
rate of fossil fuel production generally follows a bell curve (Hubbert, 1956). While new
technologies can raise the amount of area under the curve by allowing the utilization of
previously unrecoverable fossil fuels, the theory has held up with crude oil production in
the United States (Figure 1.8). The bell curve matches well with the oil production from
1925 to 2005, when new technologies for recovering crude oil from oil sands and fracking
afforded new sources of oil. Peak oil production can only be recognized after it occurs
(when a region is producing in the grey AP region in Figure 1.8), and once worldwide oil
production enters that phase, the price of oil will increase dramatically as the supply will
no longer match demand. This problem of peak oil and resource scarcity is not unique to
crude oil, and Table 1.2 shows recent estimates of the amounts of harvestable fossil fuels
by region throughout the world (Shafiee and Topal, 2009).

1.5

The Need for a New Energy Supply
Because of the harmful effects of fossil fuels on the environment, the inevitability

of peak oil, and the growing demand for access to power, there is a need to invent, develop,
and implement sustainable energy sources. Many promising methods of harvesting
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Figure 1.7 Proven Oil Reserves.
The amount of proven oil reserves (termed P1) is shown for various regions in the world.
The reserves increase every year. ME - Middle East, LA - Latin America, AF - Africa, EE
- Eastern Europe, AP - Asia and Pacific, NA - North America, WE - Western Europe. (Data
is from OPEC Annual Statistical Bulletins from 1999, 2001, 2005, 2009, and 2014.)
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Figure 1.8 US Crude Oil Production.
US Production of Crude Oil. In black is the actual production of oil (data from U.S. Energy
Information Administration) and in red is the data fitted from the corresponding years.
Grey boxes represent before peak (BP) and after peak (AP) with peak in between.
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Table 1.2 Worldwide Fossil Fuel Reserves (GTOE).
Region
North America
South America
Europe
Africa
Russia
Middle East
India
China
Australia & East Asia
Total

Oil
8
15
2
16
18
101
1
2
2
165

Coal
170
13
40
34
152
0
62
76
60
607

Energy is in gigatonnes of oil equivalent, data from Shafiee and Topal, 2009.

Gas
7
6
5
13
52
66
1
2
10
162

Sum
185
34
47
63
222
167
64
80
72
934
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alternative energy are being explored, such as: nuclear fission, hydroelectric, windpowered turbines, geothermal, tidal-energy, solar thermal, solar photovoltaic, and biomass
(IEA). The demand for energy is gargantuan and will continue to grow, which means that
to meet our nearly insatiable energy needs, a combination of the above alternative energy
harvesting approaches will like be utilized to supply that demand. The reason for this is
that even if they were fully taken advantage of, the amount of energy that could be
generated and utilized from many alternative energy sources would make up a small
portion of worldwide demand.
1.5.1

Production of Biomass
Allowing plants, algae, and cyanobacteria to produce biomass and then harvest that

energy via combustion to produce electricity or by chemically processing their cells into
liquid biofuels requires the least amount of expertise and is being done at a very large scale
worldwide (Figure 1.9). Unlike production of fossil fuels, which takes millions of years,
this strategy produces usable energy relatively quickly with one or two growing seasons
per year. Even with the large increases of electricity production via biomass and waste seen
in the past three decades to the point of generating 3.861 Quadrillion BTUs (Quads),
combined with biofuel production that has grown to 3.853 Quads, the combined energy
generated by these processes accounts for just 1.45% of the world’s total primary energy
production (IEA).
First generation energy crops such as: sugar cane, soybeans, corn, and sorghum are
currently commercially produced, and field trials investigating the energy production
capability of second-generation feedstocks: wheat straw, switchgrass, and corn-stover are
underway. First generation feedstocks are grown on arable land, while second generation

16

Figure 1.9 Worldwide Energy Production via Biomass and Waste.
Regional breakdown of electricity generated from combustion of biomass and waste. EU Europe, NA - North America, AO - Asia and Oceania, LA - Latin America, EA - Eurasia,
AF - Africa, ME - Middle East (data from U.S. Energy Information Administration).
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feedstocks are said to be grown on “marginal” land (Wilson et al., 2014). In both cases,
this is using land that is either highly valuable or marginally valuable for producing energy
instead of food. This disadvantage is not shared for the growth of algae and cyanobacteria,
which also have a higher theoretic energy yield (Table 1.3). It is understandable that algae
and cyanobacteria, use less energy than land plants on support structures and products that
cannot be converted into biofuels because they are unicellular organisms that grow much
more rapidly than plants do.
1.5.2

Hydrogen Production
Hydrogen has been earmarked as a potential fuel of the future for a variety of

reasons, including: a high energy to weight ratio via combustion (122kJ/g), the emission
of H2O instead of CO2, and the possible sustainability of its production (Das et al., 2008;
Das, 2009; Tiwari and Pandey, 2012). The ability of photosynthetic organisms to create
hydrogen in oxygen-free environments was first documented nearly 130 years ago (HoppeSeyler, 1887) and was determined to be the product of a soluble hydrogenase (Stephenson
and Stickland, 1931). Even though anaerobic bacteria can produce hydrogen via
fermentation (Jo et al., 2008), we will focus on photosynthetically driven hydrogen
production by algae and cyanobacteria. Although the microorganism first identified to be
hydrogen producing functioned via a hydrogenase (Stephenson and Stickland, 1931),
photosynthetic hydrogen production can also be accomplished via a nitrogenase (Tiwari
and Pandey, 2012).
Some of these microorganisms have been able to produce an incredible amount of
H2 under laboratory conditions (Eroglu and Melis, 2011). Of particular interest are
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Table 1.3 Energy Conversion Efficiency by Photosynthetic Organisms.
Oil Producer
Oil Palm
Jatropha
Tung Oil Tree
Sugarcane
Castor Oil Plant
Cassava
Microalgae

Fuel Production
[kg/(ha year)]

Energetic Equivalent
[kWh/(ha year)]

ECE (%)

3,600-4,000
2,100-2,800
1,800-2,700
2,450
1,200-2,000
1,020
91,000

33,900-37,700
19,800-26,400
17,000-25,500
16,000
11,300-18,900
6,600
956,000

0.16-0.18
0.09-0.13
0.08-0.12
0.08
0.05-0.09
0.03
4.6
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continuously cultured Rhodospirillum rubrum, which produced 180 ml H2L-1H-1 (Zurrer
and Bachofen, 1982) and R. sphaeroides RV which produced 15.9 ml H2L-1H-1 when
grown in tofu wastewater (Zhu et al., 1999). In their review of photobiological hydrogen
production Eroglu and Melis (2011) cite various parameters that can be optimized to allow
for increased H2 generation, including: reactor design, light source and intensity, waste
matter as feedstock, and genetic engineering to improve efficiency. These tools may allow
for increases in in vivo H2 production, and because they use living organisms, this strategy
is self-replicating, self-repairing, and self-organizing. This goal will require the
manipulation of multiple major metabolic pathways, to engineer an organism that will
funnel a large portion of its energy into creating and releasing a source of chemical energy.
It was with this in mind, that many groups decided to isolate Photosystem I (PSI)
and attempt to produce hydrogen in vitro using the purified photosynthetic reaction center
to harvest light and generate the reducing potential needed (Evans et al., 2004; Iwuchukwu
et al., 2010; Lubner et al., 2011). PSI is attached to either platinum or to a hydrogenase to
accomplish this, and very high rates of H2 production (2.2 mmol mg chlorophyll-1 h-1) have
been achieved (Lubner et al., 2011). While this is a remarkably high rate of H2 production,
systems employing platinized-PSI as an H2 catalyst have a very short lifetime and the PSIHydrogenase must be used in anaerobic conditions. Additionally, while H2 could be used
as a fuel, the cost of compression (up to 30% of the energy it will generate) and
transportation (because of the very low density of hydrogen) may prove prohibitive for
large-scale implementation (Gardiner, 2009). This method takes advantage of the most
efficient part of photosynthesis, the light reactions and in particular makes use of the
photosynthetic reaction centers, which will be explored in the next section.
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1.6.

Electron Flow During Photosynthesis
Of all of the potential energy sources listed above, the ones that take advantage of

the most abundant energy are the solar applications. The surface of the earth is irradiated
by sunlight with 120,000 TW, meaning that one year’s worth of human energy needs is
delivered every 75 minutes (Gust et al., 2009). Of all of the alternative energy sources on
earth, this is by far the most abundant, in fact, almost all of the energy that we currently
use on earth (besides nuclear) is derived from the sun. It is no surprise that nature has
evolved mechanisms to harvest this energy. Solar energy drives oxygenic photosynthesis
which results in the storage of energy in the form of chemical bonds in cyanobacteria,
algae, and plants (Blankenship and Hartman, 1998). Specialized organelles in these
organisms, termed thylakoid membranes (Figure 1.10), contain two photosynthetic
reaction centers, photosystem II (PSII) and photosystem I (PSI), which function to convert
photons of light into chemical energy (Rochaix, 2011). These photosynthetic reactions
centers, along with membrane-bound and soluble proteins perform the light reactions of
photosynthesis (Bjorn and Govindjee, 2009). Photosynthetic reaction centers are divided
into two types, depending on which molecule is the final electron acceptor. Type 1 PRCs
contain a heme-type iron-sulfur acceptor and consist of PSI, the reaction centers in
heliobacteria, and green sulfur bacteria (Oh-oka, 2007). Type 2 PRCs rely on quinones as
the final electron acceptors and include PSII, the reaction centers in purple bacteria, and
some cyanobacteria (Zeng et al., 2014). In summary, during the light reactions of
photosynthesis, two reaction centers driven by light generate charge-separated states that
are passed on through soluble and other membrane bound molecules to produce chemical
energy in the form of reducing equivalents (Figure 1.11).
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Figure 1.10 Electron Flow in Photosynthesis.
Shown is a diagram of electron flow during photosynthesis of a thylakoid membrane. The
major proteins components are represented by various crystal structures, including PSII
(photosystem II), Cyt-b6f (cytochrome b6f), Cyt c (cytochrome c), PSI (photosystem I), Fd
(ferredoxin), and FNR (ferredoxin NADP oxidoreductase). Productive electron flow is
represented in arrows changing from yellow to green, while cyclic electron flow is
represented with an arrow changing from green to purple. The proteins are represented by
ribbons with iron-sulfur centers represented in space filling and chlorophyll as green wires.
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Figure 1.11 Z Scheme of Electron Transport in Photosynthesis.
Shown is a diagram of the light absorption and redox reactions of photosynthesis. The
redox potentials of the P680 of PSII and P700 of PSI are labeled. After photon-driven
excitation of P680 the electron is passed through the pheophytin (Pheo), tightly bound
plastiquinone (QA), loosely bound plastiquinone (QB), into the plastiquinone pool (PQ),
through the cytochrome b6f complex (Cyt b6f), and into cytochrome c6 (Cyt c6). Cyt c6
reduces P700, which is energized by another photon. The electron is then passed through
chlorophyll molecules in PSI (A0 and A1), the [4Fe-4S] cluster FX and into FA/FB. Soluble
ferredoxin (Fd) is reduced by FA/FB, which in turn reduces ferredoxin NADP reductase
(FNR). Two molecules of NADP+ are converted into 2NADPH by the enzyme with four
electrons and two protons. This figure is adapted from http://www.life.illinois.edu/
govindjee/Z-Scheme.html.
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1.6.1

Photosystem II
PSII is an integral membrane protein complex consisting of many subunits, with a

reaction center that converts light energy into electrochemical potential energy in the form
of reducing power (Barber, 2014). Powered by the absorption of a photon, a charge
separation event is performed at P680, the special pair of chlorophyll that forms the reaction
center in PSII. The end result of this reaction is a reduced plastiquinone (with the electron)
and an oxidized P680 (which is termed a “hole”) that is so strongly oxidizing it drives watersplitting (Barber, 2014). Therefore, these complexes use water as their initial electron
donor (Kok et al., 1970), creating all molecular oxygen and the ozone layer on earth
through the process (Barber, 2003). The electron makes its way from P680 via chlorophyllD1,
through pheophytin PheoD1, through bound plastoquinone QA, and onto a second
plastoquinone QB. This QB is given 2 e− and 2 H+, resulting in plastoquinol PQH2, which
diffuses through the lipids in the membrane to cytochrome-b6f (cyt-b6f) (Ferreira et al.,
2004). P680 is re-reduced by TyrZ, which then receives an electron from the Mn4-Ca cluster
of the oxygen-evolving complex (OEC).
1.6.2

Cytochrome b6f
After the first step of photosynthesis is carried out by PSII, the reducing potential

is transferred through another multi-subunit containing dimer, Cyt-b6f (Crofts, 2004). The
electrons are brought by the pool of PQ, which outnumbers the Cyt-b6f complex by roughly
10:1 (Mitchell, 1975). Thus ensuring that proton motor force in the form of PQH is
available to drive the reduction of plastocyanin (PC) or Cyt c (Baniulis et al., 2008). Cytb6f not only serves as an intermediary between PSII and PSI in normal conditions, but can
serve to guarantee productive photosynthetic levels via cyclic electron flow under
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fluctuating light conditions (Shikanai, 2014). The Cyt-b6f performs a number of redox
reactions to generate a charge-separated state, resulting in a reduced cytf via an oxidized
PQH2 (Rich, 1986). This is accomplished by Heme cofactors and a [2Fe-2S] Rieske center
(Widger et al., 1984; Zatsman et al., 2006), and even a conformation change that increases
the distance and therefore back-reaction time of cytf from the Rieske center (Zhang et al.,
1998). Finally, Heme cytf is used to reduce PC in plants and algae or Cyt c6 in algae,
cyanobacteria, and under conditions when Cu2+ is low (Baniulis et al., 2008).
1.6.3

Soluble Electron Donors to PSI
Small metalloproteins Cyt c6 and PC mediate the electron transfer from Cyt-b6f to

PSI in photosynthetic organisms (Hervas et al., 2003). It is proposed that cytochrome c6
arose first in earth’s oceans when iron was more readily available than copper, before the
great oxidation event (Williams, 1997; De la Rosa et al., 2002). Cytochromes are made up
of four α-helices covalently bound to a heme group via cysteines (Frazao et al., 1995).
Plastocyanin consists of a small, eight-stranded β-barrel and an α-helix coordinating a
copper atom with two histidines, a methionine, and a cysteine (Collyer et al., 1990). Despite
these differences, the two molecules share numerous physiochemical properties, including:
a midpoint potential of 350 mV and a molecular weight of 10 kDa (Hervas et al., 2003). In
fact, some species of cyanobacteria and algae can synthesize both PC and Cyt c6, and they
modulate their production to accommodate the metal co-factor that is available (De la Rosa
et al., 2002).
1.6.4

Photosystem I
The soluble electron donor, whether it is a Cyt c6 or PC, docks at the luminal side

of PSI and reduces the oxidized hole that remains in the reaction center of PSI (Katoh et
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al., 1962; Bryant and Frigaard, 2006). PSI is multi-subunit oligomer, residing in the
thylakoid membranes of organisms that perform oxidative photosynthesis (Rochaix, 2011).
PSI complexes tend to be homo-trimers in cyanobacteria, with some tetrameric PSI
complexes seen in heterocyst-forming cyanobacteria (Li et al., 2014). Interestingly, in
higher plants and algae, PSI has gained additional subunits, and exists as monomers
(Amunts et al., 2007). We will focus on cyanobacteria PSI, since that is the focus of this
work.
The P700 reaction center of PSI (shown in Figure 1.12A) is made up of a special
pair of chlorophyll, where light energy is funneled to perform a charge separation event
(Hippler et al., 1998). The pair of chlorophyll are oriented in a way which allows them to
share the positive charge after the charge separation event. An electron is excited in the
P700, and quickly travels through adjacent cofactors ChlA1, ChlA2, QA, FX, and FA to finally
end up at the terminal electron acceptor of PSI, FB (Rochaix, 2011). This occurs to generate
a charge-separation, and then to physically move the electron to FB, 51 Å away from the
“hole” left at the magnesium atoms in P700 (Jordan et al., 2001). This reaction and
separation by PSI generates the most negative potential in nature (Evans et al., 1977), and
is capable of generating molecular hydrogen and NADPH (Ihara et al., 2006). While the
hole in P700 is reduced via Cyt c6 or PC, the excited electron at FB in the stromal hump of
PSI is oxidized by a soluble electron acceptor of PSI, either ferredoxin (Fd) or flavodoxin
under iron-limiting conditions (Setif, 2001). These reactions are driven forward by the
kinetics of the forward reactions, which are much faster than the back reactions which
would result in charge recombination (Figure 1.12B). Cross-linking studies, mutational
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Figure 1.12 P700 Reaction Center Scheme and Kinetics.
Shown is a diagram of electron flow during photosynthesis of PSI. A photon-driven charge
separation event occurs at P700 and the electron is funneled through ChlA1, ChlA2, QA, FX,
and FA on the way to FB. In A) the iron-sulfur centers represented in space filling,
chlorophyll as green wires, and phylloquinone as purple wires. B) shows the time of the
forward reactions versus the back reactions.
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analyses, and computational modeling have been used to elucidate the mechanism of PSIFd binding (Zanetti and Merati, 1987; Zilber and Malkin, 1988; Cashman et al., 2014).
1.6.5

Ferredoxin, Electron Acceptor of PSI
Up until this point, all of the redox steps in photosynthesis have taken place in the

thylakoid membrane or in the lumen. Ferredoxin is the soluble electron acceptor of PSI,
and represents the first stage of photosynthesis with energy transfer out of the thylakoid
membrane (Tagawa and Arnon, 1962; Hanke and Mulo, 2013). It is the “plant-type”
ferredoxins that perform this task, and they are highly conserved from cyanobacteria to
higher plants, with a size of around 10 kDa and a region of highly acidic amino acids
(Bertini et al., 2002). Furthermore, Fd generally consists of 3-5 β-strands and 1-3 α-helices
with a non-central [2Fe-2S] near a surface hydrophobic patch and the acidic residues that
contribute to binding (Hurley et al., 1999; Kurisu et al., 2001; Xu et al., 2006). The [2Fe2S] centers of Fd usually possess similar redox potentials of between -300 to -450 mV
(Williams-Smith and Cammack, 1977). The stromal hump of PSI, consisting of PsaC,
PsaD, and PsaE, facilitates docking and electron transfer to Fd (Zanetti and Merati, 1987;
Zilber and Malkin, 1988; Fromme et al., 2001; Busch and Hippler, 2011). This is
accomplished via PSI-Fd stabilization by PsaD and PsaE (Setif et al., 2002) and electron
transfer from the PsaC-coordinated [4Fe-4S] clusters FA/FB to the [2Fe-2S] cluster of Fd
(Fischer et al., 1998). However, these interactions must be transient so that Fd can leave
after it accepts the electron from PSI or else the electron transport chain would be halted,
leading to charge recombination (Thomsen-Zieger et al., 2004).
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1.6.6

Ferredoxin NADP+ Oxidoreductase
After electron transfer and disassociation of the Fd-PSI complex, the last step in the

photosynthetic electron transport chain is the production of NADPH catalyzed by
ferredoxin-NADP+ oxidioreductase (FNR). This 35 kDa, FAD-bound enzyme uses the
reducing power of two Fds to produce one molecule of NADPH (Batie and Kamin, 1984;
Carrillo and Ceccarelli, 2003). FNR is able to preferentially bind to reduced Fd, having a
roughly 30-fold higher affinity for reduced Fd when compared to oxidized Fd (Batie and
Kamin, 1984). This means that the FNR will release Fd once it donates the electron in favor
of another Fd that can still donate. This NADPH is used later in the CO2 fixing reactions
to generate sugar, and is the last step in the light reactions of photosynthesis (Hanke and
Mulo, 2013).

1.7

Harvesting Solar Energy
All fossil fuels on earth are derived from energy captured from the sun harnessed

by photosynthetic organisms. Unfortunately, this process of plant and animal decay into
fossil fuels takes millions of years. The median age of oil on earth is 35 million years
(Macgregor, 1996), with some oil fields in Siberia formed over 650 million years ago
(Mann et al., 2001). The timescale of fossil fuel generation is orders of magnitude longer
than human civilization. For this reason, humankind is engineering solutions to circumvent
this lengthy process and seeking to efficiently produce energy from solar irradiation
(Berardi et al., 2014). This work will review inorganic approaches to generate power from
solar radiation such as traditional photovoltaics and concentrated solar power, but focus on
energy production via engineered photosynthetic applications. In this focus, we are
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attempting to make us of molecules that have evolved over billions of years to harvest light
energy and create a charge separated state. Specifically, we will introduce production of
energy via photovoltaics, biomass, hydrogen production, and generation of electricity via
PSI.
1.7.1

Photovoltaics
Photovoltaics (PV) is a method by which materials create current when they absorb

solar irradiation. When this type of solar energy converter absorbs photons of light, they
increase the potential energy of electrons in the device (Nelson, 2003). This occurs because
the energy from the absorbed photon excites an electron to a higher energy state (Figure
1.13). The electrons can stay in these higher energy states for a short time, because they
will emit a photon of light and return to the ground state. PV devices seek to harness
electrons in their excited states and use them to perform work (Figure 1.14). This shows an
electron excited by light and moved to the conduction band with the hole remaining in the
valence band. The electron then migrates through a negatively doped semiconductor (nsemiconductor) while the hole moves through a positively doped semiconductor (psemiconductor). The electron can be harnessed to do work through an external load via a
metal conductor and the hole is regenerated at a metal conductor. These devices can be
very massive, such as the Agua Caliente Solar Project in the Sonoran Desert that produces
290 MW. They are also modular and can be set up in remote areas, where power lines
cannot be run (Inganas and Admassie, 2014).
There are many different types of PV devices than differ widely in price and
efficiency (Figure 1.15). This summarizes the best efficiencies for a multitude of PV cell
types and how that efficiency has increased over time. The multi-junction cells perform the
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Figure 1.13 Light Absorption and Charge Separated States.
Shown is a diagram of what occurs during photon absorption by an electron. A) Shows
absorption of a photon (hv) by the electron in the n=1 orbital, which leads to excitation
electron moves to the n=2 orbital. This can result in relaxation and emission of another
photon. B) shows the process occurring in a PV cell instead of an atom.
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Figure 1.14 PV Light Absorption and Generation of Electricity.
The steps of electricity generation by a PV cell are shown. The first step is absorption of a
photon of light that generates a charge separated state. The electron gains enough energy
to enter the conduction band of the negatively doped semiconductor (n-semiconductor),
while the hole remains in the p-semiconductor. The electron migrates through the
semiconductor towards the conductor while the ion or hole where the electron was does
the same thing. The electron is conducted through an external load generating energy, and
regenerates the hole afterward.
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Figure 1.15 Increase in Efficiencies of PV Cells.
Shown is a comparison of the most efficient incarnations of a multitude of PV types. This
plot is courtesy of the National Renewable Energy Laboratory, Golden, CO.
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best, as they comprise multiple materials, each incorporated to absorb a unique range of
solar irradiation. The cost to produce PV cells generally correlates with their efficiency.
The most efficient types of mono-junction cells (Table 1.4) will be surveyed. Taken with
Figure 1.15, Table 1.4 shows that there is a limitation of either the manufacturing process
or components of the most efficient mono-junction solar cells with the exception being
perovskite solar cells. This technology is relatively new yet very promising, using
common-earth elements and a low energy manufacturing process efficiencies of this type
of cell have grown from 3% to over 20% in just 6 years (Kojima et al., 2009). While PSI
has been incorporated into numerous PV cells (Lee et al., 1997; Das et al., 2004; Carmeli
et al., 2007; Frolov et al., 2008; Kopnov et al., 2011; Nikandrov et al., 2012; Toporik et al.,
2012; Baker et al., 2014), the amount of photocurrent generated in these devices has been
highest when they are used in a DSSC type solar cell (Mershin et al., 2012; Yu et al., 2015).
1.7.2

Dye Sensitized Solar Cells
While DSSCs are not the most efficient type of solar cell with the best DSSC around

123% efficient (Burschka et al., 2013; Mathew et al., 2014), the cost of their manufacture
is approaching the $ 0.5/Wpeak that PV technologies need to achieve to be competitive
(Hagfeldt, 2012). The efficiency of DSSCs are comparable to amorphous silicon cells, but
are much less costly to produce (Wei, 2010). Another advantage of DSSCs is that they
perform relatively better than other solar cell technologies under diffuse light conditions
and at higher temperatures (Hagfeldt, 2012). Early experiments generated photocurrent
between two platinum electrodes in an electrolyte of metal halide salts (Becquerel, 1839)
and increased the region of light absorbed by including a dye to silver halide emulsions
(West, 1974). These studies fueled the breakthrough development of the modern wet-type

34
Table 1.4 Single Junction PV Cells Efficiencies and Limitations.
Type of PV Cell

Efficiency (%)

Gallium Arsenide
Copper Indium Gallium Solenide
Cadmium Telluride
Crystalline Si Cells
Traditional DSSC
Perovskite

26.4
21.7
21.5
25.0
11.9
20.1

Rare Element

Amount in Earth

Gallium
16.9 ppm (1)
Gallium
16.9 ppm (1)
Cadmium
0.1 ppm (2)
1000 °C under vacuum in clean room
Ruthenium
0.001 ppm (3)
(Ca,Mg,Fe)SiO3, Mg - most abundant mineral (4)

(1) Burton, J. D. 2007. (2) Wedepohl, K. H. 1995. (3) Emsley, J. 2003.
(4) Murakami, M. 2007.
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DSSC (O'Regan and Gratzel, 1991). Unique to DSSCs, is that the materials performing the
light absorption charge separation are not the ones responsible for the transport of the
electron and the hole (Wei, 2010). The components that comprise a DSSC are a dye
sensitizer, a semiconductor, a counter electrode and a liquid electrolyte (Figure 1.16). The
dye (D) absorbs a photon and is excited to a higher energy level (D*) and the excited
electron is then is transported into the conduction band of the semiconductor. The electron
is conducted through a load, where it is harnessed for work, and then it goes back into the
counter electrode. The counter electrode is used to reduce the liquid electrolyte, which in
turn reduces the ground state dye (D).
While, only four components comprise DSSCs, many different iterations of the
most basic wet-type DSSC have been created. Most notably, several thousands of dyes and
hundreds of different electrolyte systems have been tested (Hagfeldt, 2012). With all of the
different combinations of DSSC tested, they are typically composed of a mesoporous
titanium-oxide layer sintered onto a transparent conductive oxide coated glass or plastic
substrate. The dyes are generally been ruthenium containing, with a thin layer of platinum
acting as the counter electrode, and an iodide-triiodide solution serving as the electrolyte
(Hagfeldt, 2012). It is very interesting that the synthetic ruthenium based dye first used in
1993 (Nazeeruddin et al., 1993) remained the best investigated for 17 years (Chen et al.,
2009). Composed of these materials, the process by which DSSCs generate electricity does
not employ a permanent chemical transformation (Hagfeldt, 2012). Even with all of the
advantages of these DSSCs, there are still some drawbacks to traditional ones. The
synthetic dyes used tend to be toxic and rare-earth, platinum used in the counter anode is
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Figure 1.16 Traditional DSSC.
Shown is a traditional dye-sensitized solar cell. The components: dye, semiconductor, and
liquid electrolyte are shown. In this example, the semiconductor is TiO2 and the liquid
electrolyte is an Iodide/Tri-iodide system.
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very expensive, and the electrolyte solution is also toxic to the environment (Chang et al.,
2014).
1.7.3

Generation of Photocurrent via PSI
These limitations of hydrogen fuel, coupled with the existing infrastructure to

transport electricity with minimal loss led to the strategy adopted by many groups to
produce electricity via isolated PSI (Ciesielski et al., 2010; Mershin et al., 2012). PSI seems
very well suited to this purpose because of its robustness (Ciesielski et al., 2010), its ability
to donate electrons to soluble acceptors not residing in the thylakoid membrane
(Greenbaum, 1989), and its internal quantum efficiency that approaches one (Hogewoning
et al., 2012). The parameters that need to be optimized to produce the most photocurrent
possible via PSI include: access/interactions with electron donors and acceptors with
midpoint potentials optimized for the electron transfers (Izawa, 1980), lifetime of PSI
(Ciesielski et al., 2010; Iwuchukwu et al., 2010), concentration of PSI (O'Neill and
Greenbaum, 2005; Nguyen and Bruce, 2014).
In efforts to optimize these factors and build a highly efficient PSI-based
photovoltaic cell, many different devices have been built and tested. These include
immobilization of PSI stabilized by self-assembled monolayers (SAMs) on gold surfaces
(Lee et al., 1997; Mukherjee et al., 2011; Manocchi et al., 2013), silicon (Ciobanu et al.,
2007), and graphene (Gunther et al., 2013). PSI has also been attached to nanostructured
materials to try and increase the surface area which would allow for the utilization of more
light. Various approaches to increasing the volume of PSI have been attempted, including:
nanowires (Mershin et al., 2012), nanotubes (Carmeli et al., 2007), sol-gel (O'Neill and
Greenbaum, 2005), multilayers (Ciesielski et al., 2010), even crystallized PSI (Toporik et
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al., 2012). In fact, this research has led to an increase of roughly 10,000 times the amount
of photocurrent generated since 2005 (Nguyen and Bruce, 2014), and is represented in
Figure 1.17. These promising results for the backbone of our strategy for the generation of
PSI-Complex containing bio-hybrid dye sensitized solar cells (BH-DSSC).

1.8.

PSI-Incorporated Dye Sensitized Solar Cells
It was to surmount these obstacles of toxicity and scarcity that a search for a

different dye began. Photosynthetic reaction centers have evolved for billions of years to
produce a photon driven charge separation (Bjorn and Govindjee, 2009; Blankenship,
2010). Most of the research to this point has focused on putting PSI into these devices
(Nguyen and Bruce, 2014). The reasons for this, as mentioned earlier, are that even purified
PSI is stable on the order of months (Ciesielski et al., 2010), donates and receives electrons
from outside of a membrane (Greenbaum, 1989), has had its structure solved via
crystallization (Jordan et al., 2001), and has an internal quantum efficiency very near 1
(Hogewoning et al., 2012). These devices have generated photovoltage and photocurrent
that is among the highest measured (Nguyen and Bruce, 2014; Yu et al., 2015) for devices
incorporating biomolecules.
Various methods have been employed to integrate PSI into electrochemical solar
cells. The most common methods involve modification of PSI paired with its
immobilization onto a plethora of different conductor and semiconductors. The first PSIPV cells were manufactured by attaching a monolayer of PSI onto metal surfaces. The two
most popular metals for this purpose were gold (Frolov et al., 2005; Terasaki et al., 2006;
Ciesielski et al., 2008; Faulkner et al., 2008; Ciesielski et al., 2010) and platinum (Frolov
et al., 2005; Yehezkeli et al., 2010). In a slight variation of this method, the gold layer is
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Figure 1.17 Increase in Photocurrent Generation by PSI.
Shown are gains in photocurrent generation by PSI since 2005. All photocurrent is reported
in μA/cm2 in A or normalized to the amount of light that was used to irradiate the solar cell
in B. Our data is shown with the asterisk.
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modified by a self-assembled monolayer (SAM) to enhance PSI adsorption. This has been
accomplished with alkanethiol SAMs (Naithani et al., 2000; Manocchi et al., 2013) along
with mercapto-1-propanesulfonic acid SAMs (Terasaki et al., 2009). Additionally, there
have been strategies employed using a molecular wire to connect PSI to gold (Terasaki et
al., 2009) or a transistor (Terasaki et al., 2007). However, not all of the strategies rely on
gold based conductors. Redox polymers (Baker et al., 2014), hydrogels (Badura et al.,
2011), and nanoparticles (Yehezkeli et al., 2010) have been used to immobilize PSI. Multilayers of PSI have been added to enhance the amount of current generated (Ciesielski et
al., 2010). More recently, PSI has been immobilized on graphene (Gunther et al., 2013)
and p-doped silicon (LeBlanc et al., 2012) to produce electrochemical cells. Quantum dots
have been used to immobilize PSI onto gold to generate photoelectrochemical cells (Efrati
et al., 2012). Even a solid-state DSSC has been produced using ITO/PSI as one electrode
and either LiF/Al or MoO3/Al as the other electrode (Gordiichuk et al., 2014).
Interestingly, PSI crystals were attached onto solid gold, silicon carbide, and ITO-coated
glass and were found to make an enormous amount of photovoltage of up to 45 V (Toporik
et al., 2012). Lastly, the semiconductors TiO2 (Mershin et al., 2012; Yu et al., 2015) and
ZnO have also been used as a surface onto which PSI is adsorbed. These semiconductors
have yielded PV cells that generated the most photocurrent/area of all devices tested.
1.8.1

MOBiP-PSI Complexes
In nature, the stromal PSI subunits PsaD and PsaE are assembled into PSI in the

thylakoid membranes spontaneously, requiring neither ATP nor other stromal proteins
(Chitnis and Nelson, 1992; Cohen et al., 1992). It has been shown that recombinant PsaD
can replace PsaD assembled into PSI when the isolated PSI is incubated with the
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recombinant PsaD (Minai et al., 2001). Furthermore, recombinantly produced PsaE has
been found to accumulate into PSI when incubated with isolated thylakoid membranes as
well as isolated PSI (Lushy et al., 2002). The assembly of PsaE into isolated PSI likely
relies on electrostatic interactions between PsaE and other PSI Subunits (Lushy et al.,
2002). This technique of replacing wild-type stromal PSI subunits has been employed by
(Mershin et al., 2012) to replace PsaE from purified Thermosynechococcus elongatus (T.e.)
PSI with a recombinantly produced zinc-oxide binding peptide (ZOBiP) fused PsaE from
Mastigocladus laminosus (M.l.). This ZOBiP-PSI complex was attached to zinc oxide
nanoparticles and yielded a maximum photocurrent of around 3 μA/cm2, compared to 2.5
μA/cm2 for PSI without ZOBiP. We have constructed ZOBiP-PsaD and ZOBiP-PsaE,
along with titanium-oxide binding peptide (TOBiP)-ferredoxin (Fd) all from T.e. and
Synechocystis 6803 (Syn 6803) for the PSI subunits. Because we are using ZOBiP-PsaD
and ZOBiP-PsaE from Syn 6803 and T.e. instead of ZOBiP-PsaE from M.l. to exchange
with the WT PsaD and PsaE subunits from Syn 6803 and T.e., we expect better exchange
efficiencies and therefore higher photocurrent generation. We also try and optimize ZnO
and TiO2 nanowire growth to allow for a higher surface area and greater concentration of
metal-oxide binding peptide (MOBiP)-PSI complexes. An example of our proposed biohybrid dye-sensitized solar cell (BH-DSSC) is shown in Figure 1.18. The final reason for
the addition of the MOBiP(s) is that we hypothesis they will force the PSI complexes into
a uniform conformation as demonstrated in Figure 1.19.
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Figure 1.18 Bio-Hybrid DSSC.
Shown is a bio-hybrid dye-sensitized solar cell. The components: dye, semiconductor, and
liquid electrolyte are shown. In this example, the semiconductor is TiO2 nanowires, the
liquid electrolyte is cytochrome c6, and the dye is PSI.
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Figure 1.19 MOBiP may Enhance PSI Orientation.
A) PSI molecules may be randomly oriented when they bind to metal-oxides. With the
addition of a ZOBiP onto the stromal hump (B), the ZOBiP-PSI should all bind uniformly
to the ZnO. The production of a TOBiP-Fd crosslinked to PSI may allow the TOBiP-PSI
complex to also bind TiO2 uniformly (C).

44

CHAPTER 2
MATERIALS AND METHODS
2.1

Culture of Cyanobacteria
Two species of cyanobacteria were used in our experiments, Synechocystis PCC

6803 (Syn 6803) and Thermosynechococcus elongatus (T.e.). Both of these species are
extensively used in laboratory settings, and are grown continuously in our laboratory. T.e.
are thermophilic organisms, originally isolated from a hot springs in Beppu, Japan. These
thermophiles are cultured in 1 x BG-11 media (see section 2.2) at 55 °C in 2 L glass bottles
(Fisher Scientific), bubbled with air. They can also be grown in 15 mL glass tubes shaking
at 100 rpm. Syn 6803 are grown in the same manner, but as they are mesophiles, they are
grown at 24 °C.

2.2

Preparation of BG-11
BG-11 is a complex media, with many components. It is made according to the

instructions from the Media Detail found on UTEX The Culture Collection of Algae at The
University of Texas at Austin. For the preparation of 1 L, the components 1-9 in Appendix
1 and Appendix 2 are added to 800 mL of ddH2O with continuous stirring. The volume is
then brought to 1 L with ddH2O and autoclaved.

2.3

Purification of Genomic DNA from Cyanobacteria
Cells growing in 5 mL of BG-11 were harvested via centrifugation at 5,000 g for 5

min, and transferred into a 1.7 mL centrifuge tube. The supernatant is discarded and cells
are resuspended with 200 μL of 1 x TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA) via gentle
pipetting. Next, 50 μL of a lysozyme solution (40 mg/ml in 1 x TE) are added and the cells

45
are mixed by gentle pipetting. The cells are then incubated at 37 °C with shaking at 225
rpm for 1.5 h until lysed (they will turn yellow-green and become viscous). Then, 50 μL
of an SDS solution (10 % w/v in ddH2O) is added with mixing by inversion and incubated
at room temperature for 10 min. Next, 3 μL of a Proteinase K (20 mg/ml in ddH2O) is
added, mixed by vortexing, and incubated at 65 °C for 30 to 60 min. Next, 300 μL of icecold 3 M potassium acetate pH 5.5 is added and mixed by inversion. The tube is then
centrifuged at 10,000 g for 10 min. The clear lysate is transferred to a new tube and a
phenol chloroform extraction/ethanol precipitation are performed to purify the genomic
DNA.
Phenol chloroform isoamyl is added to the lysate from above at a 1:1 ratio (v/v) and
mixed by vortexing. This is then centrifuged at 14,000 g for 5 min and the top aqueous
layer is removed to a new tube. This needs to be repeated 2 additional times. Isoamyl
chloroform is added to the liquid at a 1:1 ratio, mixed and centrifuged as above. The top
aqueous layer is then transferred to a new tube.
Next, 1:10 (v/v) of ice-cold 3 M sodium acetate pH 6.5 is added to the liquid from
above, and mixed by inversion. Then, 3 x the total volume of 100 % ethanol at -20 °C is
added and mixed by inversion. The tube is placed in the -20 °C freezer overnight. White
crystals should formed, and the tube is then centrifuged at 14,000 g for 15 min at 4 °C. The
supernatant is then removed by aspiration, and crystals are washed with 500 μL of 70 %
ethanol from the -20 °C. The tube is then centrifuged at 4 °C at 14,000 g for 15 min. The
supernatant is again removed by aspiration, and the pellet is allowed to air dry for 15 min
upside down. 100 μL of TE buffer is added and the tube is incubated at 4 °C overnight, and
then stored in the -20 °C freezer for long term use.
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2.4

Generation of WT PsaD & PsaE
Primers introducing an NdeI (CAT ATG) restriction site 5’ and an XmaI (CCC

GGG) restriction site 3’ onto psaD and psaE from Syn 6803 and T.e. were designed.
Primers can be found in Appendix 3, and were synthesized by Integrated DNA
Technologies, received as a lyophilized powder, and resuspended to 50 μM in ddH2O. This
constituted a 5x stock, which was aliquoted and kept frozen at -20 °C. Working stocks of
primers were made by diluting the 5x stocks to 10 μM to keep the 5x stocks from
contamination. PCR was performed with high fidelity ExTaq DNA polymerase (Takara
Bio Inc.), following the recipe listed in Appendix 4. PCR was performed in a Mastercycler
Gradient Cycler (Eppendorf) using conditions found in Appendix 5.
The PCR product was run on a 0.8 % agarose gel and purified using the Wizard SV
Gel and PCR Clean-Up System (Promega). Purified PCR product was then ligated into the
pGEM-T Easy vector (Promega) using conditions found in Appendix 6 for 2 h at 25 °C.
The product of the ligation was transformed into E. coli GC5 competent cells (Genesee
Scientific) and spread onto 1.5 % Luria broth (LB) agar plates containing 150 μg/ml
ampicillin, 100 μL of 20 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (Xgal), and 100 μL of 100 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). This allows
for a blue-white colony screen in which blue colonies have a functional β-Galactosidase
gene allowing for hydrolysis of X-gal to 5-bromo-4-chloro-indoxyl which is spontaneously
oxidized to the bright blue insoluble pigment 5,5’-dibromo-4,4’-dichloro-indigo causing
negative colonies to appear blue. This gene is disrupted in colonies with PCR product
inserted, causing the positive colonies to appear white. Multiple white colonies and 1 blue
colony were screened by colony PCR and re-streaked onto 1.5 % LB agar plates with 150
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μg/ml ampicillin. The colony PCR recipe is found in Appendix 7 and was run under
conditions found in Appendix 8.
Colony PCR products were run on a 0.8 % agarose gel and visually inspected to
confirm that an insertion corresponding with the desired product occurred. Two positive
colonies had their sequences verified, and 1 was grown overnight in LB with 150 μg/ml
ampicillin. A mini-prep (Qiagen) was performed to isolate the pGEM-T Easy PSI-Subunit
plasmid. DNA was quantified using A280 measure on a NanoDrop 3000 spectrophotometer
(Thermo Scientific), aliquoted, and stored at -20 °C.
The pGEM-T Easy PSI Subunit vectors along with the pTYB2 vector (New
England Biolabs) were digested with NdeI and XmaI for 90 min at 37 °C, and enzymes
were heat-killed at 65 °C for 20 min. The digested pTYB2 vector was incubated with 1 μL
of calf-intestine alkaline phosphatase (CIAP, Promega) for 1 h at 37 °C to remove
phosphate overhangs, inhibiting self-ligation. Digested PSI-Subunit and CIAP-treated
pTYB2 were run on a 0.8 % agarose gel and purified using the Wizard SV Gel and PCR
Clean-Up System. The purified insert and vector were ligated using the conditions found
in Appendix 9 for 2 h at 25 °C. The ligation products were transformed into GC5 competent
cells and plated onto 1.5 % LB agar plates with 150 μg/ml ampicillin. Results were verified
via colony PCR as described earlier. A positive colony was selected and grown overnight
at 37 °C with shaking at 225 rpm in LB with 150 μg/ml ampicillin, and a mini-prep was
performed to isolate the plasmid DNA. The plasmids were quantified, aliquoted, and
frozen.
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2.5

Expression and Purification of PSI Subunits via IMPACT System
The intein mediated purification with an affinity chitin-binding tag (IMPACT)

system (New England Biolabs) requires design of a fusion protein, which employs a thiolinduced self-cleaving element separating the protein of interest from a chitin-binding
domain. The fusion protein is produced and bound onto a column containing chitin resin
(New England Biolabs), this column is washed to remove non-specifically bound proteins
and the self-cleaving intein is then activated. This allows for production of a protein with
only a very small proline-glycine tag.
This was carried out in a protocol similar to the one described in Reddick et al.
(2007). The plasmid pTYB2-Syn-PsaD will be used as an example, but this was performed
for all constructs (pTYB2-Syn-PsaD, pTYB2-Syn-PsaE, pTYB2-Te-PsaD, pTYB2-TePsaE, pTYB2-Syn-ZOBiP-PsaD, pTYB2-Syn-ZOBiP-PsaE, pTYB2-Te-ZOBiP-PsaD,
and pTYB2-ZOBiP-Te-PsaE). Competent E. coli ER2566 cells were transformed with the
pTYB2-Syn-PsaD construct and grown at 37 °C with shaking at 225 rpm in 1 L of LB with
150 μg/ml ampicillin in a 2 L flask until an OD600 of 0.2 was reached. The cells were then
transferred to an incubator at 25 °C and grown until an OD600 of 0.4, at which time protein
production was induced with addition of IPTG at a final concentration of 1 mM. Protein
induction then was continued for 14 h, cells were harvested by centrifugation at 5,000 g.
Cells were then either used for protein purification or can be stored in a -20 °C freezer for
up to a year.
The first step in the purification of protein from cell pellets, was resuspension of
the cells in 30 ml of ice-cold lysis buffer (20 mM sodium-phosphate pH 9.0, 500 mM NaCl,
1 mM EDTA, 0.3% [v/v] Triton X-100) per L of cell culture and homogenization with a
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dounce homogenizer. The cells were then lysed with three passes through a French Press
(Thermo Electron Corporation) using an internal pressure of 25,000 psi. The lysate was
cleared by centrifugation at 30,000 g for 15 min, and the supernatant was loaded onto chitin
resin (5 ml/L of cells) at a flow rate of 0.5 ml/min. The column was then washed with 20
column volumes of column buffer (20 mM sodium-phosphate pH 9.0, 500 mM NaCl, 1
mM EDTA) to remove non-specifically bound proteins. The column was then washed with
3 column volumes of column buffer with 50 μM β-mercaptoethanol (β-ME). The column
was capped, paraffin-sealed, and incubated at 4 °C overnight to induce cleavage of the
intein domain. The following day, the proteins were eluted with 3 column volumes of
column buffer without β-ME. Elutions were dialyzed in 1x PSI wash buffer (20 mM MES
pH 6.4, 10 mM CaCl2, 10 mM MgCl2) and stored on ice. Purification profiles and elutions
were analyzed on 15 % acrylamide Tris-Glycine gels and visualized with Coomassie
Brilliant Blue as described in the gel electrophoresis section to assess purity.

2.6

Introduction of ZOBiP onto PSI Subunits
The ZOBiP (zinc-oxide binding peptide) is a 25 residue peptide (Kjaergaard et al.,

2000) with a 3-Glycine linker that is introduced onto the N-terminus of PsaD and PsaE.
Primers coding for expression of this peptide were ordered with an NdeI cleavage site 5’
and a NotI cleavage site 3’. Because of the reduction of price, 4 shorter primers with
overlaps instead of 2 were purchased and can be seen in Appendix 3. Primers introducing
a NotI site 5’ of the PsaD/PsaE start codons were designed and purchased. This allowed us
to make NdeI-NotI-PSI subunit-XmaI DNA via PCR. These were produced and ligated
into pGEM-T Easy for 2 h at room temperature. The 4 primers making the ZOBiP were
resuspended to 1 mM with 1 x TE buffer. Five μL of each ZOBiP primer was mixed and
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incubated at 95 °C 2 min, (room temp 5 min, 65 °C 3 min) 3 times and ligated into the
pGEM-NdeI-NotI-PSI Subunit-XmaI vectors that were double digested with NdeI and
NotI for 2 h at room temperature. Two μL of these reactions were transformed into
competent GC10 E. coli cells and plated on 1.5 % LB agar plates with 100 μL/mg
ampicillin. Insertion was verified via colony PCR.

2.7

Production of Antibodies
Polyclonal antibodies against recombinant Te-PsaD and recombinant Syn-PsaE and

Te-PsaE were generated in rabbits by Agrisera Inc. from lyophilized protein purified
according to section 2.5. Two rabbits were used to generate antibodies for each antigen,
and the final bleed was compared to the serum isolated from the rabbits before they were
injected with the antigen to determine which antibody was most suitable for use.

2.8

Circular Dichroism Spectroscopy
The secondary structure of the PSI subunits, with and without ZOBiP, was

investigated using an Aviv Series 202 circular dichroism (CD) spectrophotometer (Aviv
Instruments). All purified subunits were brought to a concentration of 10 μM and
extensively dialyzed into 1 x CD buffer (10 mM potassium phosphate pH 7.0, 50 mM
Na2SO4). CD spectra for Syn PsaD, Syn PsaE, Syn ZOBiP-PsaD, Syn ZOBiP-PsaE, T.e.
PsaD, T.e. PsaE, T.e. ZOBiP-PsaD, and T.e. ZOBiP-PsaE were generated at 25 °C from
285 to 185 nm with sampling at 1 nm intervals for 5 s. For each subunit, 3 independent
scans were averaged, corrected for buffer contribution (also the average of 3 scans),
smoothed, and converted to molar ellipticity using the Aviv software, version 3.37 MX.
Deconvolution was performed using the CDPro software with IBase37, a reference set of
37 soluble proteins (Sreerama et al., 2000), to determine the probably secondary structures
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of the PSI subunits. CDPro uses three algorithms to deconvolute measured secondary
structure: Self-Consistant method for CD analysis, version 3 (Selcon3 - Sreerama et al.,
1999), Contin/LL (Provencher and Glockner, 1981), and CDSSTR (Johnson, 1999).

2.9

MALDI-TOF of PSI Subunits
Wild-type and ZOBiP-containing PsaD/E were analyzed by matrix-assisted laser

desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) to assess
purity, size, and correct cleavage of the intein. MALDI-TOF MS was performed using a
Bruker Daltonics Microflex ™ mass spectrometer, with β-chain insulin, ubiquitin I,
cytochrome C, and β-chain myoglobin (Bruker Daltonics) used as external mass standards
for calibration against all subunits produced. Lyophilized standards were resuspended to a
final concentration of 50 μM in 10 μL of 50 % (v/v) acetonitrile with 0.1 % (v/v)
trifluoroacetic acid. The PSI subunits and standards were mixed with 10 μL of 60 % (v/v)
CHCA (α-cyano-4-hydroxycinnamic acid, Sigma-Aldrich) with 1 % (v/v) nitrocellulose.
Plates were spotted with 1 μL of the mixture and incubated at room temperature overnight
in a vacuum desiccator. Spectra were acquired in a positive ion mode with reflection, using
300 nitrogen laser pulses/spectrum. The resulting mass/charge data were analyzed using
the

FindPept

program,

which

is

freely

accessible

on

the

web

at

http://ca.expasy.ort/tools/findpept.html.

2.10 Purification of PSI
Photosystem I was purified from T.e. and Syn 6803 in an identical manner, and was
performed similarly to (Iwuchukwu et al., 2010). Frozen cells were resuspended in 30 mL
of ice-cold lysozyme buffer (50 mM HEPES pH 8.0, 500 mM sorbitol, 10 mM CaCl 2, 10
mM MgCl2) and homogenized in a dounce homogenizer. The chlorophyll concentration of
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the solution was then measured spectrophotometrically (see section 2.11). The cells were
then centrifuged at 5,000 g for 10 min at 4 °C. The pellet was then resuspended in ice-cold
lysozyme buffer at a concentration of 1 mg/ml chlorophyll. Lysozyme was then added to a
final concentration of 0.25 % (w/v) and the cells were then incubated in the dark at 37 °C
for 45 min. The cells were then centrifuged at 5,000 g for 10 min at 4 °C. The supernatant
was discarded and the cells were resuspended at 1 mg/ml chlorophyll in lysis buffer (20
mM MES pH 6.4, 10 mM CaCl2, 10 mM MgCl2, 500 mM sorbitol). Cells were then lysed
via three passes through the French Press at an internal pressure of 25,000 psi. The lysate
was then centrifuged at 35,000 g for 30 min at 4 °C. The pellet was resuspended in wash
buffer (20 mM MES pH 6.4, 10 mM CaCl2, 10 mM MgCl2), homogenized, and spun again.
The pellet was then resuspended at 2 mg/ml chlorophyll in wash buffer supplemented with
3 M NaBr, homogenized, diluted to 1 mg/ml chlorophyll with wash buffer, and centrifuged
as above. The pellet was then resuspended at 1 mg/ml in wash buffer, homogenized, and
spun again.
The protein incorporated in the washed membranes were then solubilized. The
pellet was resuspended to 1.06 mg/ml chlorophyll and dodecyl-β-D-maltopyranoside (βDM) was added to a final concentration of 0.6 % (w/v) from a 10 % (w/v) stock. The
membranes were then incubated at 20 °C for 30 min with gentle shaking. The membranes
were centrifuged at 35,000 g for 20 min and the supernatant was gently loaded on top of
sucrose gradients (see section 2.12) using around 4 ml of solubilized membrane proteins
per gradient. The gradients were centrifuged in a swinging bucket rotor at 100,000 g at rmax
for at least 12 h. The lower green band was recovered, dialyzed against 1 x wash buffer,
resuspended to 1 mg/ml chlorophyll and stored at -20 °C indefinitely.
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2.11 Chlorophyll Measurement
Chlorophyll a concentration was measured by chlorophyll extraction with 990 μL
of 90 % (v/v) methanol and 10 μL of sample. Sample was added to acetone and vortexed.
The solution was then incubated at 42 °C for 2 min and then centrifuged at 20,000 g for 1
min to pellet debris. The absorbance at 665 nm was measured and used to calculate the
chlorophyll a concentration using the following equation.
[Chlorophyll a] (μg/ml) = Abs665 x 1.39 (extinction co-efficient)
This measurement was done in duplicate and the average was taken.

2.12 Sucrose Gradients
Continuous sucrose gradients were made as described in the following. PSI wash
buffer was prepared with 16 % (w/v) sucrose. After mixing, the solution was poured into
centrifuge bottles leaving room for 5 ml on top. The tubes were frozen in the -80 °C freezer
and then thawed at room temperature. This created a continuous sucrose gradient.

2.13 Measuring Protein Concentration
The concentrations of all proteins were determined using bicinchoninic acid (BCA)
reagents (Pierce). Bovine serum albumin (BSA, Pierce) was used as a protein standard to
generate standard curves for protein concentration assays. Protein solutions that had
concentrations of DTT or β-ME too high for the protocol, were precipitated by the CompatAble kit (Pierce) and resuspended in a buffer compatible with the standard BCA assay.

2.14 Gel Electrophoresis and Staining
All proteins were added to 4 x LSB (Laemmli sample buffer: 400 mM DTT, 40
Mm Tris-HCl pH 6.8, 20 % glycerol, 4 % SDS), vortexed, and boiled for 3 min. A gelcasting apparatus with 0.75 mM thick spacer plates and short plates from the Protean-3
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system (Bio-Rad) was used. Recipes for the resolving and stacking gels can be found in
Appendix 10. Both solutions were prepared and the 10 % (w/v) ammonium persulfate
(APS) and tetramethylehylenediamine (TEMED) were added to the resolving solution,
mixed, and poured. A layer of isopropanol was added on top of the resolving solution and
the gel was allowed to polymerize. After polymerization, isopropanol was removed and
the stacking solution was mixed with APS and TEMED. The mixture was poured until the
solution reached the top of the short plate. A comb was inserted and the gel allowed to
polymerize. The outer and inner chambers were filled with SDS running buffer (25 mM
Tris, 275 mM glycine [added until pH is 8.3], 0.1 % (w/v) SDS). Gels were run at 20
mA/gel until the bromophenol blue reaches the bottom (usually ~ 1.5 h) before they were
removed for staining or Western blotting.
After gels were ran, they were incubated in Coomassie stain (10 % (v/v) acetic acid,
50 % (v/v) methanol, 0.25 % (w/v) Coomassie Brilliant Blue R-250) for 30 min. They were
incubated in destain (10 % (v/v) acetic acid, 50 % (v/v) methanol) for 30 min.

2.15 Western Blotting
Immobilon PVDF membrane (Millipore) was marked with a number 2 pencil and
then activated in 100 % methanol for 2 min and soaked in transfer buffer (48 mM Tris, 390
mM glycine, 10 % isopropanol) for at least 5 min. Gels were run with pre-stained markers
(EZ-Run Prestained, Fischer Scientific or SeeBlue, Invitrogen). Proteins were transferred
from gel to the pre-soaked PVDF using a Gene transfer apparatus (Idea Scientific) at 24 V
for 1.5 h at 4 °C. The blots were removed from the apparatus and incubated in 1 x TBST
(25 mM Tris-HCl pH 8.0, 137 mM NaCl, 3 mM KCl, 0.1 % (v/v) Tween-20) supplemented
with 3 % (w/v) NFM (non-fat milk) with gentle rocking for 1 h at room temperature with
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2 buffer changes. Next, blots were incubated for 1 h with 1:25,000 primary antibody in
TBST-NFM. The blots were then washed with TBST-NFM for 3 min with 2 buffer changes
and then incubated with 1:50,000 secondary antibody in TBST-NFM for 1 h. The
secondary antibody used was donkey-anti-rabbit horseradish peroxidase conjugated (DARHRP, Thermo Scientific). The blots were then washed with TBS for 15 min with 2 buffer
changes. The blots were then dried by blotting on paper towels and incubated with 1 ml
total volume of a 1:1 mix of HRP substrate and Luminol (Millipore) for 5 min. The signal
was captured with a Chemidoc XRS (Bio-Rad) for 1.5 h taking images every 15 min. The
resulting data was analyzed with Quantity One software version 4.4 (Bio-Rad) and the
bands were quantitated by pixel counting.

2.16 In vitro PSI Subunit Replacement
Recombinantly produced ZOBiP-PsaD and/or ZOBiP-PsaE was exchanged with
wild-type PsaD and/or PsaE of PSI isolated from Syn 6803 and T.e. in a 10 ml reaction.
The final amount of wild-type PSI was 11.3 nMol, and the subunits were present at a 25fold molar excess. Reactions took place in 1 x PSI wash buffer supplemented with 0.03 %
β-DM for 2 h with gentle shaking at room temperature. After exchange, PSI was re-isolated
over a sucrose gradient and exchange was verified by SDS-PAGE with Coomassie staining
and/or Western blotting.

2.17 Subunit and PSI Binding to ZnO
To determine whether ZOBiP enhanced the binding of PsaD/PsaE/PSI to ZnO, a
binding assay was performed using ZnO nanoparticles (10-30 nm, US Research
Nanomaterials Inc.). Briefly, 0.5 mg of ZnO nanoparticles was incubated with 10 μg of
either: WT-PsaD, WT-PsaE, WT-PSI, ZOBiP-PsaD, ZOBiP-PsaE, ZOBiP-PsaD-PSI, or
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ZOBiP-PsaE in 100 μL of 0.1 x PBS (phosphate buffered saline; 10 mM Na2HPO4, 2 mM
KH2PO4, 137 mM NaCl, 2.7 mM KCl). The reactions were carried out for 2 h at 4 °C with
gentle agitation. The ZnO was pelleted by centrifugation at 1,000 g for 1 m. The
supernatant was collected and the pellet was washed twice with 100 μL of 0.1 x PBS.
Finally, the ZnO was resuspended in 100 μL of 0.1 x PBS and boiled for 5 m. Following
centrifugation, the supernatant was either mixed with 4 x LSB and SDS-PAGE was
performed according to section 2.14 in the case of PSI subunits or quantitated via
spectrophotometry according to section 2.11 if PSI complexes were tested.

2.18 Crosslinking of PSI and Fd
PSI and Fd/TOBiP-Fd from T.e. were mixed at a 1:1 molar ratio in 0.1 x PBS with
0.03 % (w/v) β-DM. We used 3.6 nMol of each protein in each reaction with a total volume
of 1 mL. The proteins were mixed and incubated on ice for 30 m, and a solution containing
125 mM EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; Thermo
Scientific) and 250 mM NHS (N-Hydroxysuccinimide, Thermo Scientific) was pre-mixed.
The EDC/NHS was added to final concentrations of 2.5 mM and 5.0 mM, respectively.
The reaction was quenched with addition of 60 °C Glycine to a final concentration of 20
mM. The product of this reaction was loaded onto a sucrose gradient and PSI-complex was
recovered as described in section 2.12.

2.19 Production of Metal-Oxide Slides
Glass slides, coated on one side with conductive ITO (indium tin oxide [In2O3 and
SnO2], Delta Technologies LTD) and sintered (fusing the metal-oxide to the ITO by
heating to the point of diffusion without liquefaction) with either ZnO or TiO2 were
prepared to be used as the anode in our BH-DSSC. We prepared thin-layer nanoparticle-
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sintered ZnO and TiO2 slides and nanowire-sintered ZnO slides. No matter which type of
metal-oxide semiconductor was fused to the ITO-glass slides, the first step in the process
was to thoroughly clean the slide. The slides were placed, ITO side up, and bath-sonicated
in solutions of isopropanol, ethanol, and acetone for 15 min each. Slides were then removed
with forceps and placed onto a thoroughly cleaned laboratory bench (70 % ethanol
followed by ddH2O), where they were further treated.
2.19.1 Nanoparticle-Sintered Metal-Oxide Anodes
Both TiO2 and ZnO were prepared in a manner similar to Calogero et al. (2010).
For both metal-oxides, 2.5 g of powder is added to 4 mL of 0.1 M nitric acid with 0.08 g
PEG 8,000 (polyethylene glycol MW average 8,000 Da), and 0.2 mL Triton X-100. The
solution is stirred vigorously for 2 h, then bath-sonicated for 2 h (1 m on, 2 m off). The
slides are taped, conductive side up, onto the lab bench covering 2 mm on 3 sides with
Scotch ® Magic™ Tape. A small volume (~ 40 μL) of the colloidal metal-oxide suspension
is layer on the middle-edge of tape and is doctor-bladed to the front of the slide, using the
tape on the sides to set the height of the film. We have found using a glass Pasteur pipette
and one smooth motion works best. The metal-oxide films are then sintered onto the ITOglass slide by heating to 450 °C for 1 h and then cooled slowly.
2.19.2 Nanowire ZnO
The ITO-glass slides were bath-sonicated in methanol for 2 min. They were then
covered with 100 μL of a seed layer of zinc acetate (0.75 M Zn(O2CCH3)2(H2O)2, 0.75 M
monethanolamine, in ethylene glycol: stirred for 1 h at 60 °C) by spin coating at 3,000 rpm
for 20 s. The slide with seed-layer is then slowly heated to 300 °C for 15 m and cooled to
room temp. This is then incubated in a bath consisting of (0.025 M Zn(NO3)2·6H2O, 0.0125
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M hexamethylene tetramine, 0.35 M ammonium hydroxide, 0.005 M polyethyleneimine
end-capped) for 3 h at 88 °C. This allowed growth of the ZnO nanowires. The slides were
then rinsed w ddH2O and slowly heated to 450 °C for 1 h and cooled to room temp. Results
from both methods were imaged with a Zeiss Auriga Crossbeam FIB/SEM, with help from
Dr. John Dunlap, UTK.

2.20 PSI Absorption to Metal-Oxide Slides
Isolated PSI, or metal-oxide PSI complexes, was diluted to ~ 25 μg/ml of
chlorophyll with 0.1 x PBS with 0.03 % (w/v) β-DM. Slides from section 2.19.1 were then
immersed in these solutions for 18 h at 4 °C in the dark. They were then extracted and
rinsed with ddH2O.

2.21 Cyclic Voltammetry
With various PSI complexes or ferredoxin adsorbed to the surface of the metaloxide ITO-glass, the ability of these complexes to donate and receive electrons was assayed
by CV (cyclic voltammetry). The V.O.C. (open circuit potential) was determined for 30 s,
and then the potential was set to 0 V (vs V.O.C.) and changed at a rate of 50 mV/s to -0.8
V (vs Ag/AgCl) and back to 0 V (vs Ag/AgCl). This scan was performed for 5 cycles with
the sample slide in 200 mM sodium phosphate pH 6.4. The first 3 cycles were in the dark
and the next 2 were illuminated with 1.4 mW/cm2 676 nm band-pass filtered light.

2.22 Photocurrent Generation
The ability of PSI-complexes to generate photocurrent was measured with a Gamry
Reference 600 potentiostat. Samples of PSI-complexes adsorbed onto metal-oxide sintered
ITO-glass slides were backside-illuminated with 1.4 mW/cm2 676 nm bandpass-filtered
light. The system used a three electrode configuration with an applied potential of +400
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mV vs Ag/AgCl. Samples were immersed in an electrolyte solution of 0.1 M MgCl2 with
32 μM Os(bpy)2Cl2 and either with or without 250 μM methyl viologen dichloride (MV2+).
Potential was applied for 1 min of equilibration time before the experiment to reduce
contributions of non-photogenerated current. Data was recorded for 5 min, with
illumination from 60-120 s and 180-240 s.

2.23 Teaching Unit with Fruit-Extracted Dyes
We have developed a unit describing how to generate photocurrent and
photovoltage using the TiO2 ITO-glass slides prepared as in section 2.19 as the anode,
pigments isolated from various fruits as the dye, iodide/tri-iodide as the electrolyte system,
and soot-covered ITO-glass slides as the cathode. The anode slides are prepared the same
way with a thin layer of TiO2 applied and sintered to them. The slides are then incubated
in the juice from freshly lysed fruits (blackberry, blueberry, raspberry, etc.), rinsed, and
air-dried (Figure 4.14). The cathode slide is prepared by applying soot from a candle to the
conductive side of another ITO-glass slide. The two slides are sandwiched on top of each
other, conductive sides facing each other. They are then filled with a drop of the iodide/triiodide solution and held together with small binder clips. Upon illumination with either a
lamp or sunlight, the photocurrent and photovoltage can be measured with a multimeter.
This has been developed into a module for energy education for high-school and middleschool students and is available on the web at
http://my.aspb.org/members/group_content_view.asp?group=80400&id=99873
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2.24 Generation of Genomic ZOBiP-PSI for in vivo Production
Constructs were generated to replace the genomic copy of PsaD and PsaE in Syn.
These constructs had 500 base pairs of up and down stream DNA, with the ZOBiP added
5’ of the start codon for the PSI subunit. They also included a kanamycin resistance
cassette, codon optimized for expression in T.e. downstream of the stop codon of each
subunit.

2.25 Transformation of Syn
These constructs are transformed into Syn 6803 via a natural transformation in a
method similar to Zang et al. (2007). Syn was grown to OD730 ~ 0.7, and 25 ml was
centrifuged at 5,000 g for 5 m. The pellet was resuspended in 500 μL of BG-11 and 10 μg
of DNA was added to the cells, this was plated overnight on BG-11 plates with no selection.
The next day 500 μL of BG-11 was used to resuspend cells from the plate and cells were
then re-plated onto a BG-11 plate with 60 μg/ml of kanamycin. This was incubated for 34 weeks until green colonies appeared. The colonies were picked and re-streaked onto BG11 plates with 60 μg/ml kanamycin and liquid BG-11 cultures with 60 μg/ml kanamycin
were inoculated.
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CHAPTER 3
PRODUCTION OF METAL-OXIDE PSI
SUBUNITS AND COMPLEXES
3.1

Production and Confirmation of PsaD and PsaE
Electrons are transported out of the thylakoid membranes through PSI, where they

are stored as reducing equivalents in the form of NADPH for use in the dark reactions of
photosynthesis. This step in the electron transport chain is facilitated by the reduction of
the [2Fe-2S] cluster of Fd by the [4Fe-4S] cluster FA/FB of PSI. This reaction occurs after
ferredoxin docks at the stromal hump (PsaC, PsaD, and PsaE) of PSI. PsaC coordinates
both [4Fe-4S] clusters, while PsaD and PsaE participate in Fd binding (Zanetti and Merati,
1987; Zilber and Malkin, 1988; Fromme et al., 2001; Busch and Hippler, 2011). Because
neither PsaD or PsaE is essential to the survival of Syn 6803 (Chitnis et al., 1989; Chitnis
et al., 1989), though PsaD knockouts do show reduced fitness, both were engineered for
the addition of a zinc-oxide binding peptide (ZOBiP) onto their N-terminus. Our first
strategy was to produce these subunits recombinantly and take advantage of the mechanism
by which the stromal subunits assemble in nature (Minai et al., 2001; Lushy et al., 2002).
3.1.1

Recombinant Production of WT PSI Subunits
Primers were designed to add restriction enzyme cut sights to the 5’ and 3’ ends of

PsaD and PsaE from Syn 6803 and T.e. as detailed in section 2.4. PCR amplification of
these PSI subunits was performed using genomic DNA as a template. The resulting PCR
products were transformed into pGEM-T Easy plasmid and resulting colonies screens are
shown in Figure 3.1. This shows that inserts of 700 bp for PsaD and 500 bp for PsaE
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Figure 3.1 Colony PCR Confirmation of PSI Subunits.
Shown is colony PCR confirmation of DNA coding for WT Syn-PsaD, Syn-PsaE, TePsaD, and Te-PsaE. Unlabeled markers are 1500, 1200, 900, 800, 700, 600, 400, 300, 200,
and 100 bp.
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were cloned into the pGEM-T Easy vector. After growth and purification of the
recombinant proteins according to section 2.5, samples of the proteins througout the
purification process and finally purified proteins were mixed with 4 x LSB and SDS-PAGE
was performed as in section 2.14. After staining, the gels were examined and the
purification process was confirmed (Figure 3.2). This established that the recombinantly
produced proteins were very similar in molecular weight 11 kD for PsaE and 17 kD for
PsaD to what we predicted (Figure 3.3). After investigation of DNA sequences, it was
discovered that Syn-PsaD had a frameshift mutation due to incorrect primer design. This
resulted in a stop codon immediately after the 5’ end of the Syn-PsaD DNA making its
purification via the IMPACT system impossible. For this reason Syn-PsaD was not used
for antibody generation and could not be confirmed along with the rest of the wild-type
subunits. During the production of Syn-ZOBiP-PsaD, the mutation was amended to allow
production of the ZOBiP containing subunit.
3.1.2

MALDI-TOF MS Confirmation of PSI Subunits
After we had confirmed that recombinant PSI subunits had been produced and

purified from E. coli, the next step was to make certain that the proteins we had produced
were not just similar to the size we expected, but were the correct proteins. To determine
the purity, correct amino acid composition, and intein cleavage site of Syn-PsaE, Te-PsaD,
and Te-PsaE, we performed MALDI-TOF MS on each subunit (Figure 3.4). The predicted
molecular masses of 8164.17, 15394.49, and 8542.65 Da (daltons), respectively, were
confirmed (Figure 3.4) with observed masses of 8165.54, 15409.49, and 8530.92 Da. The
observed masses coincided well with the predicted masses when common covalent
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Figure 3.2 Purification Profile of WT PsaD and PsaE.
These are samples representative of the stages in the IMPACT purification protocol. T
(total cell), P (pellet after lysis and centrifugation), S (supernatant), F1 (first flow through
chitin column), F2 (second flow through chitin column), W (wash of chitin column). Fusion
proteins were incubated with 50 mM β-Me overnight and the target protein was eluted the
next day. Note the bands labeled ► (fusion protein), § (chitin binding domain), and ♦ (Syn
PsaD). This gel demonstrates the stop codon that introduced into the 3’ end of the Syn
PsaD gene, and this species is present at a much lower molecular weight because of the
presence of the stop codon.
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Figure 3.3 Purified WT PsaD and PsaE.
These are the samples of Syn PsaE, Te PsaD, and Te PsaE that were sent for the creation
of antibodies. The B and A stand for before and after lyophilization and resuspension.
Running just below the 63 kDa marker there are remnants of the chitin binding domain ◄
from our purification, but these should not occur in the organisms, so we proceeded with
antibody production.
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Figure 3.4 MALDI-TOF MS of WT PsaD and PsaE.
The MALDI-TOF MS spectra for PsaE from Synechocystis 6803 and PsaD and PsaE from
Thermosynechococcus elongatus are shown above. The peaks are labeled with their
observed mass to charge ratios as well as with what species they are. A table is also present
that compares the observed masses to ones predicted for their sequences with FindPept.
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modifications (e.g. cleavage of the N-terminal methionine residue, attachment of β-Me,
oxidation of methionine) are accounted for. We are confident that we produced the correct
PSI subunits after verification with MALDI-TOF.
3.1.3

Production of Antibodies
After MALDI-TOF MS verification of Syn-PsaE, Te-PsaD, and Te-PsaE,

polyclonal antibodies against these peptides were produced. Both Syn-PsaE and Te-PsaE,
purified as in section 2.5 were mixed together 1:1, lyophilized, and sent to Agrisera Inc.
for antibody production, while Te-PsaD was the only PsaD species that was used to
generate antibodies. These were tested against cells from the organisms as well as against
purified recombinant protein via SDS-PAGE (Figure 3.3) and Western blotting (Figure
3.5). This certifies that the antibodies are specific for their subunit, and that the antibodies
are sensitive to their antigens as well.

3.2

Production and Confirmation of ZOBiP-PSI Subunits
After wild-type PSI subunits were recombinantly produced and confirmed, the next

step was the introduction of the zinc-oxide binding peptide to the N-termini of the subunits.
We used the ZOBiP created by Kjaergaard et al. (2000) via mutagenesis and phage display
for our experiments. This peptide was highly specific and sensitive to ZnO, showing no
preference for molecular zinc or cadmium-oxide.
3.2.1

ZOBiP Production
The first step in producing ZOBiP-subunits was to create DNA coding for a fusion

protein consisting of the ZOBiP followed by a flexible linker (three glycine residues)
followed by the wild-type subunit. We accomplished this as described in section 2.6,
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Figure 3.5 Western Blot Confirmation of WT PsaD and PsaE.
A) coommassie stained gel B) Western blot with α-PsaD 1° antibody C) Western blot with
α-PsaE 1° antibody. All gels were run simultaneously in the same container. Marker (M),
ferredoxin (Fd), recombinant PsaD, recombinant PsaE, thylakoid membranes (Thy),
purified PSI, and total cell pellet of E. coli were run. There is degradation of PsaD detected
by the PsaD antibody ◄, PsaD may be recognized by the PsaE antibody ♦, and an unknown
band from E. coli is recognized by the PsaE antibody §.
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incorporating this ZOBiP onto the N-termini of Syn-PsaD, Syn-PsaE, Te-PsaD, and TePsaE. A schematic representation of the four primers that make up the ZOBiP is shown in
Figure 3.6A. A NotI restriction enzyme site was introduced into our pTYB2-PsaD/PsaE
vectors via primer mutation and digestion. This construct (shown as bars) was digested
with NdeI and NotI allowing removal of the TBR (to be removed DNA), and then the
ZOBiP was ligated into place. This was later transformed. This size shift of ZOBiP
incorporation into WT DNA can be seen in Figure 3.6B.
3.2.2

Recombinant Production of ZOBiP-PSI Subunits
After we prepared the plasmids encoding ZOBiP on the N-termini of the PSI

subunits and transformed them into competent E. coli ER2566 cells (New England
Biolabs), multiple liters of cells were grown and protein expression was induced for each
construct. The ZOBiP subunits were purified as described in section 2.5. ZOBiP-SynPsaD, ZOBiP-Syn-PsaE, ZOBiP-Te-PsaD, and ZOBiP-Te-PsaE were all produced
according to this method, and were confirmed with SDS-PAGE (Figure 3.7).
3.2.3

MALDI-TOF MS Confirmation
While the size shifts seen in Figure 3.6 and Figure 3.7 show that the apparent size

of the ZOBiP-subunits has shifted ~ 80 base pairs for the DNA and ~ 7 kDa for the proteins.
The apparent shift for the DNA coincides with the addition of the sequence coding for the
ZOBiP, while the 7 kDa shift is roughly twice as large as the addition of ZOBiP to the
peptides. The recombinantly produced proteins were confirmed via MALDI-TOF MS
(Figure 3.8). This allowed confirmation of the purity, size, and primary structure of the
subunits (including correct linker insertion and cleavage of intein tag). This exaggerated
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Figure 3.6 Addition of ZOBiP via Primers.
A) The amino acid sequence of ZOBiP is shown on top, with the DNA coding for it shown
under it (listed 5’ to 3’). The designed primers are shown in different colors. Capital letters
in the colored primer diagram represent NdeI and NotI restriction enzyme overhangs. B)
shows agarose gels with colony PCR run on them. The addition of the ZOBiP is visible as
the increased size in DNA. Syn-ZOBiP-PsaD (Syn-ZD), Syn-PsaD (Syn-D); Syn-ZOBiPPsaE (Syn-ZE), Syn-PsaE (Syn-E); Te-ZOBiP-PsaD (Te-ZD), Te-PsaD (Te-D); TeZOBiP-PsaE (Te-ZE), Te-PsaE (Te-E),
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Figure 3.7 Purification of ZOBiP-PSI Subunits.
Shown are purification profiles and eluted protein of ZOBiP-PSI subunit preps. Total lysate
(T), pellet (P), supernatant (S), flow-through (F), wash-1 (W1), wash-2 (W2), beads before
cleavage (B1), elution-1 (E1), elution-2 (E2), elution-3 (E3), elution-4 (E4), beads after
elution (B2), and protein markers (M) were run for each ZOBiP subunit.
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Figure 3.8 MALDI-TOF MS of ZOBiP-PsaD and PsaE.
The MALDI-TOF MS spectra for ZOBiP-PsaD and ZOBiP-PsaE from Syn 6803 and
ZOBiP-PsaD and ZOBiP-PsaE from T.e. are shown above. The peaks are labeled with their
observed mass to charge ratios as well as with what species they are. A table is also present
that compares the observed masses to ones predicted for their sequences with FindPept.
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influence on apparent size difference in the SDS-PAGE of the ZOBiP could be due to
incomplete unfolding of the ZOBiP or altered detergent binding (Rath et al., 2009). The
predicted molecular masses of 18825.27, 11574.93, 18792.63, and 11821.31 Da
correspond well to the measured molecular weights of 18885.13, 11685.61, 18794.93, and
11931.44 Da for ZOBiP-Syn-PsaD, ZOBiP-Syn-PsaE, ZOBiP-Te-PsaD, and ZOBiP-TePsaE, respectively (Figure 3.8).
3.2.4

CD Confirmation of Structure
After confirmation of primary structure via MALDI-TOF MS, the secondary

structure of both wild-type and ZOBiP containing subunits was investigated by CD. The
spectra of each PSI subunit (WT and ZOBiP) was collected after dialysis into 1 x CD Buffer
(Figure 3.9A, Figure 3.9B). Because there is no structurally solved ZOBiP-PsaD/PsaE,
after deconvolution of the spectra the secondary structure of the ZOBiP containing subunits
were compared with wild type ones (Figure 3.9C). This demonstrated that the addition of
ZOBiP to the N-termini of the PSI subunits minimally affected their secondary structure.
The secondary structure of the wild-type subunits were compared to the secondary
structure from the crystal structure of PSI (PDB ID 1JB0) in Figure 3.9D. This showed that
there was a large difference between the crystal structure and the individual peptides in
solution. Generally, a protein in a crystal structure is more structured than in solution
because the protein must form a crystal lattice to form diffracting crystals. In this case there
were additional factors that may contribute to the difference in the secondary structure
observed by CD compared to the crystal structure. The first difference is that the subunits
that CD was performed on were soluble and in solution, while the peptides in the crystal
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Figure 3.9 Circular Dichroism of ZOBiP-PsaD and PsaE.
Shown are the CD spectra for wild-type (solid lines) Te-PsaD (black), Syn-PsaE (red), and
Te-PsaE (blue) in (A) as well as for ZOBiP containing (dashed lines) Te-ZOBiP-PsaD
(black), Syn-ZOBiP-PsaE (red), and Te-ZOBiP-PsaE (blue) in (B). These spectra were
deconvoluted with the iBases SP37 database to give the values in C, which are compared
to the secondary structure from the crystal structure 1JB0 in D.
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structure were complexed in a PSI molecule. This would seem to favor the subunits from
the crystal structure to be more ordered as they are interacting with more subunits in the
PSI complex. However, an explanation for this could be that the stromal subunits PsaD and
PsaE are known to be involved in PSI interactions with ferredoxin and flavodoxin (Setif,
2001; Setif et al., 2002). To perform these interactions parts of these stromal subunits of
PSI could be intrinsically disordered regions (Cumberworth et al., 2013), which would
allow for their promiscuous interactions with both electron acceptors.
3.2.5

Detection of ZOBiP-PSI Subunits via Western Blotting
The specificity and ability of our antibodies generated against wild-type PSI

subunits to detect ZOBiP-PSI subunits was investigated. To confirm that the addition of
the ZOBiP to the subunits would not negatively impact the ability to diagnose the presence
of ZOBiP-Subunit with our antibodies, SDS-PAGE was performed as in section 2.14 and
Western blotting was performed according to section 2.15. The results in Figure 3.10 show
that the antibodies are reactive with the ZOBiP-PSI subunits. Overall, this work established
that the addition of ZOBiP does not hinder the abilities of PsaD or PsaE to be recombinantly
produced with correct folding or the ability of antibodies to react with ZOBiP-subunits.

3.3

Production of Metal-Oxide PSI Complexes
Because none of the experiments performed indicated that the fusion of ZOBiP onto

the N-termini of PsaD or PsaE altered the structure of the subunits, the next step was to
generate ZOBiP-PSI complexes. Recombinantly produced PsaD (Minai et al., 2001) and
PsaE (Lushy et al., 2002) are capable of replacing wild-type PsaD and PsaE from isolated
PSI. Furthermore, ZOBiP-PsaE from M. laminosus has been incorporated into PSI isolated
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Figure 3.10 Western Blot Detection of ZOBiP Subunits.
Recombinant WT-PsaD, ZOBiP-PsaD, WT-PsaE, and ZOBiP-PsaE were purified and run
on SDS-PAGE according to Section 2.14, and then subjected to Western blotting according
to section 2.15. These results show that the anti-PsaD antibody detects the ZOBiP-PsaD as
well as the WT-PsaD and that the anti-PsaE antibody detects both WT-PsaE and ZOBiPPsaE. The size shift is visible for the ZOBiP addition, and it seems like there is some
degradation of ZOBiP-PsaE. These Western blots are both using T.e. proteins.
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from T.e. (Mershin et al., 2012). A goal of this work is to modify that protocol by replacing
PsaD and PsaE from T.e. with ZOBiP-PsaD and ZOBiP-PsaE fusion proteins from T.e.
Additionaly, TOBiP-Fd cross-linked to PSI (Cashman et al., 2014) has been generated to
produce TOBiP-PSI complexes.
3.3.1

Syn 6803 and T. elongatus PsaD and PsaE Replacement
Using a slightly revised protocol from earlier work (Mershin et al., 2012), that is

detailed in section 2.16, wild type PSI subunits were replaced with ZOBiP-containing ones.
These replacement reactions were carried out on purified PSI from both Syn 6803 and T.e.
A cartoon schematic representing this in vitro replacement is shown in Figure 3.11A. Wildtype PSI is incubated in the presence of a large molar excess of ZOBiP-PsaD and/or
ZOBiP-PsaE. After the reaction is at equilibrium, ZOBiP-PSI are re-isolated over a sucrose
gradient (Figure 3.11B). While recovery from a sucrose gradient does not resolve ZOBiPPSI from PSI with no replacement, it does remove unbound PsaD/PsaE as verified by
Western blotting of sucrose gradient fractions (Figure 3.11C). This reaction has been
optimized for replacement of PsaD and PsaE with ZOBiP counterparts in Syn, and is
underway in Te (Figure 3.11D). The best replacement efficiencies achieved so far are 100
%, 100 %, 58 %, and 75 % for ZOBiP-Syn-PsaD, ZOBiP-Syn-PsaE, ZOBiP-Te-PsaD, and
ZOBiP-Te-PsaE, respectively when quantified from Western blots. This demonstrates that
replacement is working very well for Syn 6803 and needs to be optimized for T.e. The
most efficient replacement for Syn 6803 occurred at room temperature (between 18 °C and
22 °C), which is very near the temperature at which Syn 6803 is cultured (24 °C).
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Figure 3.11 In vitro Replacement of PsaD/PsaE.
A) shows the scheme that we are accomplishing. We incubate WT-PSI with recombinantly
produced ZOBiP-PsaD and/or ZOBiP-PsaE at a large molar excess. After the reaction, we
recover PSI over a sucrose gradient (B) and we are left with ZOBiP-PSI from the monomer
(M) and trimer (T) areas. Western blots of results of these reaction are shown in (C). The
left lane is recombinantly purified WT PsaD or PsaE, the middle lanes are ZOBiP-PsaD or
ZOBiP-PsaE, and the far right lanes are the recovered PSI. You can see that both reactions
worked very well. These replacement reactions were done in Syn 6803.
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Replacement of T.e. subunits was only tested at room temperature and at 4 °C, both of
which are much colder than the temperature at which it is cultured (55 °C). Plans are
underway for replacement at 55 °C.
3.3.2

TOBiP-Fd Crosslinking
In addition to the ZOBiP-PSI generated by the replacement of PsaD and/or PsaE

with ZOBiP-fused subunits, a TOBiP-PSI complex was also generated. This was
accomplished by the fusion of a TOBiP to the N-terminus of ferredoxin, the natural electron
acceptor of PSI. This TOBiP-Fd was recombinantly produced, purified, and chemically
cross-linked to PSI (Figure 3.12A). While the initial work determining the protocol for
generation of these complexes was performed by Tuo Zhu, the PSI-Fd complexes and Fd
were produced in this work in order to test their properties at the Army Research
Laboratory. These complexes were generated according to Cashman et al. (2014) and
section 2.18. The reactions were optimized to allow the production of a species with equal
amounts of PSI and Fd (Figure 3.12B). These were included because of their ability to bind
to TiO2, which is more commonly used in DSSCs, and the inclusion of the soluble electron
acceptor of PSI (Fd). We hypothesize that this may facilitate electron transfer from PSI to
the semiconductor, as well as orient the binding of the PSI-complex.

3.4

Binding of PSI Complexes to Metal-Oxides
The PSI-MOBiP complexes generated were examined to determine whether they

enhanced protein binding to metal-oxides. Individual MOBiP-peptides, WT-peptides,
MOBiP-PSI complexes, and WT-PSI complexes were all tested to determine the effect(s)
of MOBiP(s).
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Figure 3.12 PSI Crosslinking to TOBiP-Fd.
A) is a representation of the crosslinking that we are attempting to give us a species of 1
PSI crosslinked with 1 TOBiP-Fd. Tuo Zhu worked out these protocols, and B) is three
representative Western blots with different antibodies, confirming the presence of these
homodimers. We repeated this crosslinking according to Section 2.18 at the Army
Research laboratory so that we could characterize these complexes electrochemically.
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3.4.1

Stromal Subunits
Binding assays were all performed in a very similar manner, described in section

2.17. This assay allowed quick determination of the extent to which proteins were retained
by either TiO2 or ZnO. The first proteins that we tested this assay with were the WT-PsaD/E
and ZOBiP-PsaD/E. The amount of Te-PsaD vs Te-ZOBiP-PsaD for proteins that did not
bind and proteins that bound was visually inspected after SDS-PAGE and no differences
(Figure 3.13) were observed. Assays were done in 0.1 x PBS with different additives (none,
Triton X-100, PEG 3350, and DMSO) and with different metal-oxide particles (TiO2,
Aldrich - titanium (IV) oxide rutile nanopowder < 100 nM particle size; ZnO1, US Research
Nanomaterials - 10-30 nM particle size; ZnO2, US Research Nanomaterials - 35-45 nM
particle size). This assay demonstrated that the addition of ZOBiP to PsaD did not enhance
binding ZnO. It further demonstrated that soluble PsaD is a promiscuous binder, as it bound
to both ZnO and TiO2. However, it is important to note the large differences between the
secondary structure of soluble PsaD deconvoluted from its circular dichroism spectra and
the solved crystal structure of PsaD incorporated into PSI (Figure 3.9). It seems reasonable
to assume that soluble PsaD is more accessible than PsaD assembled into PSI, because
soluble PsaD shares none of the intermolecular interactions that PSI-incorporated PsaD has
with PsaA, PsaB, PsaC, and PsaE. While the results of this experiment are not encouraging,
they are inconclusive as to whether or not PSI assembled with ZOBiP-PsaD and/or ZOBiPPsaE would have enhanced binding specificity and/or affinity to ZnO when compared to
WT-PSI.
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Figure 3.13 Effects of ZOBiP on Subunit Binding to Metal Oxides.
The top SDS-PAGE gel represents WT-PsaD from T.e. that was bound to TiO2 (rutile
nanopowder < 100 nM particle size, Aldrich), ZnO-1 (10-30 nM particle size, US Research
Nanomaterials INC.), or ZnO-2 (35-45 nM particle size) as described in Section 2.17.
These experiments show that WT-PsaD is a promiscuous binder, it bound to all of the
metal-oxides. The results from ZOBiP-PsaD binding to the same metal-oxides is shown in
the lower panel. None of the conditions tested were found to be advantageous for ZOBiPPsaD over WT-PsaD binding to any of the metal-oxides. The reaction was done in 1 x PBS
with 0.03% (v/v) Triton X-100 [T-X], 3% (w/v) PEG 3350 [PEG], 3% (v/v) DMSO
[DMSO], or no additive [PBS].
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3.4.2

ZOBiP-PSI Complexes
Because of the promiscuity of PsaD in binding to both ZnO and TiO2, the effects

of the ZOBiP on binding specificity or affinity to ZnO could not be assessed by the previous
assay. To examine the possible contributions of ZOBiP incorporated PSI on binding to
ZnO, binding assays were performed to compare ZOBiP-PsaD replaced PSI, ZOBiP-PsaE
replaced PSI, and WT-PSI. We hypothesized that the soluble PsaD, with its increased
accessibility was interacting in a non-specific way with the metal-oxide. Because ZOBiPPSI and PSI would not have these same residues exposed, we hypothesized that the binding
may be enhanced by the addition of ZOBiP. This binding assay was performed the same
way as above, except that the flow-through and elutions were quantified by absorbance at
665 nM of chlorophyll a. The results (Figure 3.14A) show that ZOBiP does contribute to
PSI binding to ZnO. The amount of chlorophyll retained by ZnO bound with WT-PSI was
set to 1.0, and incorporation of ZOBiP-PsaD increased retention by roughly 20 % and
ZOBiP-PsaE by 60%. This assay affirms that ZOBiP does enhance binding of PSI to ZnO.
3.4.3

TOBiP-Fd-PSI Complexes
This experiment was performed in an identical manner by Tuo Zhu, and it can be

found in his Master’s thesis. With A665 of WT-PSI cross-linked with no Fd set to 1.0,
crosslinking of WT-Fd to PSI decreased the amount of PSI retained by TiO2 by roughly 10
% and crosslinking TOBiP-Fd to PSI enhances binding by 30 % when compared to PSI
alone and 45% when compared to WT-Fd PSI (Figure 3.14B).
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Figure 3.14 Effects of MOBiP on PSI Binding to Metal-Oxides.
Binding of PSI-complexes to ZnO or TiO2 was accomplished as outlined in Section 2.17.
The results of PSI alone vs WT-Fd crosslinked to PSI (Fd PSI) vs TOBiP-Fd crosslinked
to PSI (T-Fd PSI) are shown in (A). WT-Fd crosslinked to PSI showed a decreased binding
to TiO2, while TOBiP-Fd crosslinked to PSI showed an increased binding to TiO2. The
amount of PSI was determined by boiling the metal-oxide particles after washing and the
chlorophyll concentration was measured. PSI was set to 1.0 for these experiments. In (B)
the amount of bound PSI, ZOBiP-PsaD replaced PSI (Z-D PSI), and ZOBiP-PsaE replaced
PSI (Z-E PSI) is shown. Both Z-D PSI and Z-E PSI showed increased binding to ZnO, with
Z-E PSI showing the largest increase in binding.
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3.5

Conclusions
With this chapter of work, we have shown the ability to recombinantly produce,

purify, and characterize both wild-type and ZOBiP containing PsaD and PsaE. These
stromal subunits were produced as fusion proteins in E. coli and purified via self-cleavage
of their intein tags. This allowed production of mature proteins with only a very small
proline-glycine tag at their C-termini. After their relative apparent sizes were certified via
SDS-PAGE (Figure 3.1 & 3.5), the primary structures of the peptides were substantiated
by MALDI-TOF MS. In all cases, the predicted weights of the peptides matched well with
their observed sizes determined by MALDI-TOF MS (Figure 3.2 and Figure 3.6). This
experiment confirmed both the correct sequence and cleavage of the recombinantly
produced PsaD and PsaE subunits.
Subsequently, the secondary structures of the subunits were verified by CD
spectrometry. The spectra of all samples were deconvoluted and used to estimate the
percent composition for each WT-PsaD/E, which were then compared to their crystalized
counterparts from T.e. (PDB ID 1JB0). While the secondary structures of the
recombinantly produced wild-type subunits did not match the ones from the PSI crystal
structure (Figure 3.9C), the addition of ZOBiP did not alter the secondary composition of
the PsaD and PsaE (Figure 3.9D). The results, that none of the secondary structures of the
subunits are perturbed by the N-terminal fusion of ZOBiP, support the hypothesis that the
ZOBiP will not interfere with the function of the subunit.
With this in mind, ZOBiP-PSI complexes have been generated by replacing the
WT-PsaD/E with ZOBiP-PsaD/E. Next the ability of the subunits and the PSI complexes
to bind to ZnO was evaluated. According to the results, subunits alone were quite
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promiscuous with both WT-PsaD and ZOBiP-PsaD binding well to both ZnO particle sizes
tested along with TiO2 (Figure 3.12). Conversely, the ZOBiP-PSI complex shows a much
stronger interaction with ZnO than does the WT-PSI. We hypothesize that many of the
surfaces on the free subunits that interact with ZnO are otherwise occupied when the
subunit is incorporated into PSI, thus explaining the differences in affinity that ZOBiP
confers when it is present in PSI (Figure 3.14A).
Additionally, a PSI complex that has the ability to interact with another metal-oxide
(TiO2) has been produced. This complex is the result of a fusion protein consisting of a
TOBiP fused to the N-terminus of Fd, which is then cross-linked to a WT PSI. This TOBiPFd-PSI complex shows increased affinity to TiO2 when compared to WT-Fd-PSI. The
majority of this work was performed by Tuo Zhu, however it is included since we attempt
to characterize it in a PSI DSSC later (Figure 3.14B).
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CHAPTER 4
ASSEMBLY OF METAL-OXIDE SLIDES AND
CHARACTERIZATION OF PSI-COMPLEXES
4.1

Production of Metal-Oxide Slides
After PSI complexes containing metal-oxide binding peptides were produced and

their abilities to bind to their specific metal-oxides was established, the next step was to
manufacture the rest of the DSSCs. Indium tin oxide (ITO)-coated glass slides were used
as the substrate onto which metal-oxide semiconductors were sintered. While fluorine
doped tin oxide (FTO) has been shown to produce higher photocurrent than ITO (Kwak et
al., 2011; Yun et al., 2013), ITO is an order of magnitude cheaper and more suitable for
initial experiments. Various methods were used to attach many different types of metaloxides. This included sintering of ZnO and TiO2 nanoparticles as well as growing a small
forest of ZnO nanowires onto the cleaned ITO-coated glass slides. These were then
incubated with PSI complexes or Fd, and after protein adsorption they were then
characterized by different techniques. Using these methods, PSI and Fd based anodes that
are capable of donating and receiving electrons were generated. More importantly, PSI
incorporated DSSCs capable of generating current when illuminated have been
manufactured and tested.
4.1.1

Slides with Nanoparticles
Initially, liquid solutions containing ZnO or TiO2 were used to produce anodes with

conglomerate style nanostructured metal oxides. The production of the solutions are
described in section 2.19.1. The stages in the slide production have been documented
(Figure 4.1) including liquid nanoparticles, the cleaned slide taped down, the slide after
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Figure 4.1 Manufacturing Conglomerate Style TiO2-ITO Slide.
This shows the steps to make the conglomerate style metal-oxide slide. From top-left, The
TiO2 paste, the cleaned ITO-glass slide taped down, application of 30 μL of TiO2 paste,
the TiO2 paste in a line, the TiO2 paste spread on the slide, and the slide after sintering at
450 °C for 30 m.
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application of ZnO/TiO2, and the slide after sintering of the metal-oxide. Slides were
analyzed using a Zeiss Auriga Crossbeam FIB/SEM to appraise their nanostructures
(Figure 4.2). Both ZnO and TiO2 ITO coated glass slides were imaged. Both ZnO and TiO2
sintered slides showed a nanostructure that increases the surface area when compared to a
monolayer. While this method of anode production is straightforward, it depends on
everything being done fastidiously to avoid contamination of the thoroughly cleaned slides.
Overall, this method produces nanostructured anodes with a large surface area in a quick
reproducible manner.
4.1.2

Slides with ZnO Nanowires
While the previous method of producing DSSCs with nanostructured ZnO or TiO2

affords much more surface area than a monolayer of the metal-oxides would, our goal is to
increase the surface area even further with the use of nanowires. Nanowires are narrowelongated structures, consisting of a zinc-oxide in our case, that can be grown in an oriented
manner from a very thin-layer of seeded metal. Here, ZnO nanowires were grown on a
thoroughly cleaned, ITO-coated glass slide. Before attempting to grow the nanowires,
different solutions of zinc with different applications methods were assayed for their
seeding ability.
The different methods and solutions tried are as follows: a solution of ZnCl2 in H2O
spotted onto slides and allowed to air-dry, the same solution spin-coated onto slides, and
lastly solution of zinc acetate in an organic solvent spin-coated onto the slides. After all of
these treatments, the zinc-coated slides were sintered for 300 °C for 20 m. Images of these
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Figure 4.2 Analysis of Conglomerate Style Metal-Oxide Slides via SEM.
TiO2 and ZnO sintered ITO slides were imaged at different magnifications with SEM.
These slides appear smooth to the eye (Figure 4.1), but both metal-oxides show
nanostructure that appears under higher magnification. The TiO2 conglomerate style slide
is shown under roughly 25 x, 330 x, and 10000 x magnification while the ZnO style slide
is shown at around 100 x, 330 x, and 6000 x magnification. Scale is shown with red bars.
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slides were taken with the Zeiss Auriga Crossbeam FIB/SEM with the help of Dr. John
Dunlap. The results from the applications of the seeding layer are shown in Figure 4.3, and
differ quite widely from each other.
The first method of spotting and air-drying (Figure 4.3A) shows that the zinc seems
to be loosely associated with the slide. Furthermore, the results are fractured and the
thickness of the metal seeding layer seems much greater than with either other method
involving spin-coating. This could result from spotting excess liquid onto the slide before
it was allowed to dry, causing the layer remaining on the slide to be too thick. The cracking
could have resulted from too high of a rate of temperature increase while sintering in the
oven. A future direction will be an attempt to doctor-blade a thin layer of ZnCl2 onto a slide
slide in the future to control for height. While the oven currently employed for the sintering
of metal-oxide does not have controls for adjusting the rate of temperature change, the oven
could be manually adjusted to 300 °C in 50 °C or 25 °C steps.
Spin-coating was the second method that was employed to disperse a very-thin,
uniform layer of zinc in either H2O or in an organic solvent. The spin-coater drew a vacuum
on the slide placed on top of it, and then ramped the speed from 0 to 3,000 rpm in 5 sec.
After sintering, the resulting slides were analyzed by SEM as above. The results from
seeding with zinc in H2O and organic solvent are shown in Figure 4.3B and 4.3C,
respectively. In these examples, we can see that spin-coating ZnCl2 in H2O (Figure 4.3B)
results in a much more uniform seeding layer than spotting and air-drying (Figure 4.3A).
However, the results from spin-coating ZnCl2 in H2O do not seem to generate a zinc layer
that is as uniform as the seeding-layer generated from spin-coating of zinc acetate
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Figure 4.3 Seeding of Zinc Layer.
A) Results from spotting and allowing a solution of ZnCl2 in H2O to air dry. B) spin-coating
with a solution of ZnCl2 in H2O. C) spin-coating with a solution of zinc acetate in organic
solvent. All slides were sintered at 300 °C for 15 m and imaged with SEM. Scale is in red.
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(Figure 4.3C). This zinc acetate generated seeding-layer, is the most ordered of the ones
we have generated, though it was the last one produced so ZnO nanowires have not yet
been grown on it.
The growth of the nanowires was then performed the same way, despite which
seeding method was used, and is described in section 2.19.2. The method is adapted from
Ren et al. (2009), and has been shown to grow ZnO nanowires selectively on the seeded
substrate. This is a large advantage, as the protocol is done in a bath and this maximizes
the amount of ZnO nanowire that is present on the slide compared to solution. The authors
also mention that the length of the nanowires can be increased by refreshing the bath
solution every couple of hours. However, in our preliminary experiments we only used the
initial bath solution without refreshing it. The growth worked best on the slides with the
seed-layer of ZnCl2 in H2O (we have not yet produced nanowires on the zinc acetate seeded
slides).
Two different types of ZnO nanowires were produced, relatively small forests and
large nanowires. Examples of both types of ZnO nanowire growth were imaged as above
and are shown in Figure 4.4 and Figure 4.5, respectively. An image at lower magnification
captured both small forest and large nanowire growth, seen in Figure 4.4A. Areas of the
slide were generally more uniformly covered with nanowire growth than this, but the
region displayed here demonstrated both types of growth and seeing the boundary of
growth was also interesting. Figure 4.4B shows a magnified (4 x over Figure 4.4A) view
of ZnO small forest growth. This is encouraging, because it shows a large area that is very
uniform. Also pieces of the large nanowire growth that have broken off and are resting on
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Figure 4.4 Growth of Small ZnO Nanowire Forest.
Shown here is the smallest type of ZnO nanowire we produced, termed nanowire forest.
Magnification increase from A through D. This growth was very uniform as seen in B) and
C). Scale is shown in red.
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Figure 4.5 Large ZnO Nanowire Growth.
Shown here are two larger type growths of ZnO nanowires. A) and B) are referred to as
Hedgehog type nanowires and C) and D) are referred to as Sea Urchin type nanowires in
the manuscript for their resemblance to the respective animals. Scales are in red.

96
top of the forest, or perhaps are growing out of the forest are visible. Figure 4.4C and Figure
4.4D show the ZnO small forest growth at increasing magnification. These regions of
growth possess a very high degree of porosity, and thus represent a large increase in surface
area when compared to a monolayer.
The other type of growth that was observed during ZnO nanowire growth was the
much larger size nanowires that seemed to grow in patches (Figure 4.5A and Figure 4.5B).
These are 2 different sized nanowires, with the first ones resembling a hedgehog (Figure
4.5A), and the second type described as a sea urchin (Figure 4.5C). These types of growth
were both between 3-5 μm long, with the hedgehog nanowires being much thinner. The
length of these wires will greatly increase the surface area present in the anode slide for
PSI complexes to bind to when compared to a monolayer and even the nanostructured
surfaces prepared (Figure 4.2). It seems that the hedgehog type nanowires would yield the
most surface area, but may not allow for the most coverage by PSI or light penetration
because of their close proximity. If we can determine how to grow these different types of
nanowires, we will test both to observe which produces the most photocurrent. Plans are
underway to produce TiO2 nanowires, and equipment capable of running the hydrothermal
growth conditions at the elevated temperature has been ordered.

4.2

Protein Adsorption onto Metal-Oxide Slides
Testing of protein adsorption and characterization of proteins on metal-oxide

surfaces was performed on conglomerate style slides. These slides were manufactured on
site at the Army Research Laboratory, and the amount of experimental time limited the
production of nanowire slides. Furthermore, the slides could not have been examined via
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electron microscopy to ensure that they did not differ from each other enough to affect our
experiments because of the vacuum in the EM used.
4.2.1

PSI Adsorption onto ZnO and TiO2 and Fd Adsorption onto TiO2
The conglomerate style anodes were produced as described in section 2.19.1, and

various proteins in solution were allowed to adsorb to the metal-oxides present on the
anodes. This was accomplished by soaking conglomerate metal-oxide anodes in solutions
containing the PSI complexes, at various concentrations. These reactions were performed
in the dark at 4 °C overnight. After the PSI bound the slides, and they were rinsed with the
ddH2O they were then characterized by a method described in section 4.3. ZOBiP-PSI
complexes were adsorbed onto ZnO anodes to see if there was any increase in current
generated by the addition of the ZOBiP. They were also adsorbed onto TiO2 anodes to
check for interference and promiscuity in PSI binding to TiO2. The adsorption of ferredoxin
onto TiO2 anodes was performed identically to PSI with the exception being omission of
the detergent.

4.3

Characterization of Surface Adsorbed Proteins
After it was demonstrated that the produced anodes could bind the WT and MOBiP

containing PSI complexes or Fd, the next step was to further electrochemically characterize
the surface-bound proteins. Towards this end, CV (cyclic voltammetry) and DPV
(difference pulse voltammetry) were used to confirm that bound PSI complexes and Fd
could accept and donate electrons while bound to the metal-oxide of their respective
anodes. Photocurrent was generated by PSI complexes in a light-dependent manner when
negative potentials were applied to the anode. All of these experiments were carried out
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with collaboration with Dr. David Baker at the Army Research Laboratory in Adelphi
Maryland.
4.3.1

Cyclic Voltammetry of PSI and Fd
After binding various proteins to the nano-structured metal-oxide anodes, the first

method used to investigate the electrochemical properties of the adsorbed proteins was CV
(cyclic voltammetry). CV has been used since the 1970’s to characterize metal ion
complexes in redox proteins (Powers and Meyer, 1980) and also has a long history in
analyzing materials used in solar conversion (Kalyanasundaram et al., 1978). A typical
three electrode CV setup is shown in Figure 4.6A. In CV, voltage applied to a working
electrode is scanned linearly from an initial voltage (Ei) to a pre-determined limit known
as a switching potential (Eλi) and then back (Figure 4.6B). The amount of current,
generated by the diffusion of electrons into (when the voltage is scanned in a negative
direction) and out of (when the voltage is ramped in a positive direction) the electrolyte is
measured (Mabbott, 1983). For reversible reactions, cycles can be repeated with very little
difference between scans. This data can be used to produce a voltammogram (Figure 4.6C),
which is used to calculate the formal reduction potential by averaging the forward and
return peak potentials. This information is very useful for designing experiments, as it can
lead to selection of materials that will donate and accept electrons, eventually allowing the
engineering of an electron transport pathway (Headridge, 1969).
Both ferredoxin and photosystem I complexes on the surfaces of TiO2 or ZnO
anodes were analyzed with cyclic voltammetry. WT-Fd and TOBiP-Fd were bound to thin
sections of TiO2-ITO slides at 4 °C overnight as described in section 2.20. These
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Figure 4.6 Cyclic Voltammetry Schematic.
The working set up for a three electrode CV is shown in A). The potentiostat is connected
to the working electrode (a PSI-bound ZnO-ITO glass slide here), the reference electrode
(Ag/AgCl), and the counter electrode (platinum wire). All electrodes are immersed in a
liquid electrolyte solution that can transmit current from the counter electrode to the
working electrode. The current between the working electrode and the counter electrode is
measured by the potentiostat. B) shows the triangular waveform of voltage that is applied
to the working electrode. At time 0, the initial voltage (Ei) is applied, the voltage is then
continuously ramped to the lowest voltage (Eλ1) and then cycled back to the highest voltage
(Eλ2). C) shows an example cyclic voltammogram plotting the current flowing from the
working electrode to the counter electrode against the potential applied to the working
electrode. Epc is the reduction peak potential, Epa is the oxidation peak potential, ipc is peak
cathodic current, and ipa is peak anodic current.
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adsorptions was carried out in buffer with 4 different additives. CV was performed in the
dark as described in section 2.21. None of the additives tested showed any effect on the
magnitude of current generated or the potential at which current was generated. Figure
4.7A shows the results from CV of both WT and TOBiP-Fd. The voltammograms show
that the addition of the TOBiP to the Fd (represented in dashed lines) does not change the
redox properties of the Fd. The peak cathodic current (ipc), potential (Epc), peak anodic
current (ipa), and potential (Epa) are charted in Figure 4.7B. The formal reduction potential
(E) is also calculated for both species of Fd. These results corroborate earlier evidence that
the addition of the TOBiP is not affecting the structure or function of Fd. The results from
CV have thus supported our hypothesis that the addition of TOBiP has not affected the
structure or function of Fd.
Additionally, both WT and ZOBiP-PSI were evaluated with cyclic voltammetry.
This was performed to determine whether the addition of the ZOBiP onto the PsaD or PsaE
subunit changed any of the redox properties of PSI. WT and ZOBiP-PsaD and E replaced
PSI were both adsorbed onto ZnO-ITO slides as described in section 2.20. Cyclic
voltammetry was performed as described in section 2.21, with the initial two cycles
performed in the dark (black lines) and with the final two cycles done in the light (red
lines), shown in Figure 4.8. The voltammograms show some shift, with ZOBiP-PSI
seeming to be producing a more positive current during the entire sweep. However, for
both the FB redox reaction (Figure 4.8A) and the P700 reaction (Figure 4.8B) the differences
between the peak potentials is very similar (Figure 4.8C). There is some difference in the
peak current produced between the WT and ZOBiP PSI, but the absolute values of the sum
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Figure 4.7 Cyclic Voltammetry of Ferredoxin.
Cyclic voltammograms for WT-Fd (solid line) and TOBiP-Fd (dashed line) on TiO2-ITO
are shown in A). The cathodic peak current (ipc) and potential (Epc) along with the anodic
peak current (ipa) and potential (Epa) are marked in the voltammogram. B) is a table listing
these values along with the formal reduction potential (E). Experiments performed in 200
mM sodium phosphate buffer pH 6.4. Scanning from 0 mV to -800 mV at 50 mV/s scan
rate.
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Figure 4.8 Cyclic Voltammetry of PSI.
Cyclic voltammograms for WT-PSI (solid line) and ZOBiP-PSI (dashed line) on ZnO-ITO
are shown in A) and B). Cycles done in the dark are in black and ones done in light are in
red. There are two redox species FB (more negative potential, seen on A) and p700 (more
positive potential, zoomed in on B). The cathodic peak current (ipc) and potential (Epc)
along with the anodic peak current (ipa) and potential (Epa) are shown in table C) along with
the formal reduction potential (E). Experiments were performed in 0.1 x PBS pH 7.4 and
0.03 % (v/v) β-DDM. Scanning from 400 mV to -800 mV at 50 mV/s scan rate.
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of the peak cathodic and peak anodic currents is very similar, suggesting there could have
been a problem calculating the baseline which determines these measurements. Overall, it
seems, as in the case with Fd, that the addition of a metal-oxide binding peptide to the PSI
(shown in dashed lines) in this case does not affect the current generated during cyclic
voltammetry when compared to wild type (solid lines). The differences between the cycles
run in the light and in the dark were also minimal. The formal reduction potentials for both
WT and ZOBiP PSI are both roughly -500 mV (Figure 4.8B). This further supports our
earlier results that the addition of ZOBiP to the PsaD and PsaE subunits does not affect
their structure, ability to insert into PSI, or their function. Moreover, this is very strong
evidence as both WT PsaD and PsaE were replaced with ZOBiP versions.
4.3.2

Differential Pulse Voltammetry
DPV (differential pulse voltammetry) is a technique very similar to CV, in that it

measures current produced while it scans potential. However, instead of ramping the
applied potential linearly as is the case for CV, DPV uses discreet potential steps. It
measures the current produced immediately prior to a change in potential as well as at the
end of the step, these differences are illustrated in Figure 4.9. This technique ignores the
difference in baselines that CV produces, and the differences in current (Idiff) are charted
against the current, giving the redox potential of a species. We investigated the WT and
TOBiP Fd with this technique. We found that redox potential to be around -470 mV for
both WT (Figure 4.10 solid lines) and TOBiP Fd (dashed lines). More importantly, this
experiment further supported that the addition of TOBiP to the Fd does not change its
physiochemical properties.
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Figure 4.9 Differential Pulse Voltammetry vs Cyclic Voltammetry.
Schematic of CV (A) and DPV (B). The triangular waveform is shown in (A) for CV, and
the staircase waveform is shown for DPV in (B). Voltogramms are shown for CV in (C)
and for DPV in (D). DPV takes measurements during the time in the black boxes in (B),
and the difference in current is plotted against the difference in current from before and
after the step up in applied voltage, shown in D.
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Figure 4.10 Differential Pulse Voltammetry of Ferredoxin.
Shown are the voltammograms for WT Fd (solid) and TOBiP-Fd (dashed). The peak
current Δip is generated at the peak potential, which is the redox potential for reversible
reactions such as Fd. Reaction was performed in 200 mM phosphate buffer pH 6.4.
Potential started at -600 mV and went to -200 mV, with 2 mV/step and 1 step/s for 2 mV/s.
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4.3.3

Generation of Photocurrent
With confirmation that neither the addition of ZOBiP onto PSI nor TOBiP onto Fd

affected the structure, ability to be incorporated into a PSI complex, or redox potential of
their respective proteins, the ability of the manufactured DSSCs to produce photocurrent
was tested. These experiments were carried out as described in section 2.22. WT and
ZOBiP PSI were adsorbed to TiO2-ITO or ZnO-ITO slides generated as in sections 2.19.1
and 2.20. During initial tests, the potential of the working electrode (WT-PSI DSSC) was
held at +400 mV. The results from three replicates of WT PSI on TiO2 are shown in Figure
4.11A, while the results from ZOBiP-PSI on TiO2 are shown in Figure 4.11B. This shows
a very small amount of photocurrent generated by both species. ZOBiP-PSI on TiO2 was
tested at 0 mV, +100 mV, +200 mV, and plus +400 mV in Figure 4.11 C. This produced a
modest amount of photocurrent, with the most produced at 0 mV.
Figure 4.12 shows the initial tests of WT PSI and ZOBiP-PSI adsorbed onto ZnO
slides. WT PSI was tested at -600 mV, 0 mV and +400 mV in Figure 4.12A. There was a
large increase in the production of photocurrent at -600 mV. The baseline during this test
shifted a great deal, however. ZOBiP-PSI on ZnO was tested at -100 mV, 0 mv, and +50
mV in Figure 4.12B. There was very little generation of photocurrent under those
potentials. Lastly, WT PSI and ZOBiP-PSI on ZnO slides, were tested at -400 mV. This
showed a large increase in the amount of photocurrent generated in Figure 4.12C. When
normalized, both species produced a peak current of 45 μA/cm2 with an average of 28
μA/cm2 under illumination. This value is included in Figure 1.17 and is also further
normalized to the amount of power the sample was illuminated by and achieved 31.4
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Figure 4.11 Generation of Photocurrent via PSI on TiO2.
Both WT PSI and ZOBiP PsaD/PsaE doubly replaced PSI were adsorbed onto TiO 2 to
generate photocurrent. The light was initially off, turned on at 60 s, turned off at 120 s,
turned on at 180 s, turned off at 240s for all experiments. WT PSI on TiO2-ITO slides held
at 400 mV is shown in (A), while ZOBiP-PSI on TiO2-ITO slides held at 400 mV is shown
in (B). Three different electrodes were tested for both A and B. ZOBiP-PSI on a TiO2-ITO
slide was held at the 0, 100, 200, and 400 mV, and is shown in (C). The amount of current
generated increase as the potential decreases. Current is shown in μA/cm2. All experiments
performed in 0.1 M MgCl2, 32 μM Os(bpy)2Cl2. Illumination was done with 676 nm bandpass filtered light and back-illumination for all samples. Area illuminated was 0.317 cm2.
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Figure 4.12 Generation of Photocurrent via PSI on ZnO.
Both WT PSI and ZOBiP PsaD/PsaE doubly replaced PSI were adsorbed onto ZnO to
generate photocurrent. The light was initially off, turned on at 60 s, turned off at 120 s,
turned on at 180 s, turned off at 240s for all experiments. WT PSI on ZnO-ITO slides held
at -600, 0, and 400 mV is shown in (A), while ZOBiP-PSI on ZnO-ITO slides held at -100,
0, and 50 mV is shown in (B). WT PSI (red) and ZOBiP-PSI (blue) on ZnO-ITO slides
were held at -400 mV, and are shown in (C) along with a ZnO-ITO slide alone. The
experiments were performed in 0.1 M MgCl2, 32 μM Os(bpy)2Cl2 and with 250 μM MV2+
(solid lines) or without MV2+ (dashed lines). Illumination was done with 676 nm band-pass
filtered light and back-illumination for all samples. Area illuminated was 0.317 cm2.
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μA/cm2*mW. There seemed to be no difference between the amount of photocurrent
generated by WT (solid lines) and ZOBiP PSI (dashed lines). However, when methyl
viologen was not present in the buffer solution, there was a drastic decrease in the amount
of photocurrent generated by both species, down to around 6 μA/cm2. Methyl viologen is
generally used as an electron acceptor from PSI (Nguyen and Bruce, 2014), and its
exclusion shows that perhaps the Os(bpy)2Cl2 can function as both donor and acceptor to
PSI. It may not be that it is less efficient than MV2+ at accepting electrons from PSI, but
that the Os(bpy)2Cl2 is present at a lower concentration than MV2+ in the reaction. Our
hypothesis was that the ZOBiP present on the stromal hump would allow transfer of
electrons from the terminal acceptor in PSI to the ZnO directly, but the photocurrent
production when the working anode was biased with a positive potential was negligible.
This means that the ZOBiP will likely only increase photocurrent generation via enhancing
the ability of PSI to bind to the ZnO, and this was likely the case for the Mershin et al.
(2012) paper.
Because the photocurrent that was generated in both cases was negative, this means
that PSI is accepting electrons from the ZnO-ITO surface, as shown in Figure 4.13B and
Figure 4.13D. The type of current generated in Figure 4.11A and Figure 4.11B means that
electrons are flowing in a manner matching the situation depicted in Figure 4.13A and
Figure 4.13C. We expected photocurrent production in the opposite direction (that is
flowing into the ZnO), which is troublesome because we engineered the ZOBiP onto the
stromal hump of PSI. This means that the orientation ZOBiP-PSI has with regards to the
ZnO may not facilitate transfer of the electron from PSI into the semiconductor.
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Figure 4.13 Possible Flow of Electrons and Photocurrent Generated.
Shown are the two possible ways that electrons can flow in our BH-DSSC. A) shows
electrons flowing into the working electrode from PSI. This will generate positive current
as shown in C, because the potentiostat needs less electrons to hold the working electrode
at its constant voltage. B) shows electrons flowing out of the working electrode into PSI.
This will generate negative current as shown in D, because the potentiostat needs more
electrons to hold the working electrode at its constant voltage.

111

4.4

Teaching Unit with Barry’s Berries
While the production of DSSCs with MOBiP-incorporated PSI and metal-oxide

nanowires requires meticulous work, to produce mesoporous, nanostructured metal-oxide
ITO slides is fairly straightforward. We took advantage of this process to create a teaching
unit for high school laboratories to produce their own DSSCs (Figure 4.14). There are a
few changes from our PSI protocol that make for a much more easily produced biological
dye sensitizer with anthocyanins isolated from fruit. This protocol has been taught to highschool, middle-school teachers, and even Tibetan monks. This has been adapted into a TNSCORE energy education module, and is available online at the American Society of Plant
Biologists k-12 resource page and at www.bio.utk.edu/brucelab/outreach.html.
4.4.1

Production of TiO2 Slides
There were two types of slides manufactured for this experiment: the ones from

section 2.19.1, and ones that are made in the lab class. The students are still responsible for
taping down the slides and spreading the TiO2 paste onto them. Pictures illustrating these
steps are shown in Figure 4.13. After the TiO2 paste is dries onto the slides, the students
use either an oven at 450 °C or alternatively they can use a hot plate turned to high after
the plates are placed onto them to sinter the TiO2 onto the slides. The quality of the TiO2
paste manufactured in our lab from section 2.19.1 is much higher than what is produced in
the high-school laboratories, and leads to much higher photocurrent and voltage.
4.4.2

Pigment Extraction and Adsorption
Various berries (blackberries, raspberries, blueberries, strawberries) along with

other fruits and vegetables including Sicilian prickly pears and radicchio are ground with
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Figure 4.14 Education Module with Barry’s Berries.
Shown is an overview of the TN-SCORE education module fruit DSSC production. A)
sliced Sicilian prickly pear B) juice of prickly pear in different solvents C) TiO 2 slide and
soot-covered slide D) TiO2 slide after incubation in prickly pear juice E) TiO2 slide after
incubation in blackberry juice F) assembled DSSC G) photovoltage generation without
illumination H) photovoltage with illumination I) cover of the education module.
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a mortar and pestle with the addition of a small amount of ddH2O. There are different
treatments that can be applied to different berries, but even crudely ground berries will
work. This juice is put into a glass container, and the TiO2 sintered slide is placed facedown into the juice. The slides are incubated for 30 min in the juice, or until the slides are
stained with the dye. After the students wash the slides, they are ready to finish
manufacturing the DSSC. Another ITO-glass slide is coated with soot from a candle on its
conductive side. These slides are sandwiched together (held with binder clips), and a drop
of iodide/tri-iodide electrolyte is added in between the slides.
4.4.3

Generation of Photocurrent and Photovoltage
After assembly of the DSSC, the students can use a multimeter to measure the

amount of photocurrent and photovoltage that their DSSC is producing. They can measure
this with illumination from the sun or from a lamp. We found that there is great deal of
variation, with the largest differences being in the type of TiO2 used along with choice of
berry (blackberries have worked best so far). We have generated currents over 1 mA in
direct sunlight, and we have found that a competition for the production of the most
photocurrent increases enthusiasm for the project. Overall, we think that this lab is a fun
teaching experience for high-school students. It allows their teachers to explain the
concepts and ideas of energy limitations and climate change that are reviewed earlier in
this dissertation. It can also be part of a unit about renewable energy, and is a way to
generate interest in solar energy.

4.5

Conclusions
With this chapter, we have shown the ability to create different types of nano-

structured metal-oxide ITO-glass slides, adsorb different proteins to those slides,

114
characterize the surfaces, generate photocurrent, and have applied all of this to an education
module. The nanostructured metal-oxide surfaces give a large increase to surface area when
compared to a monolayer or a thin-layer. The ZnO nanowires that we have grown (Figure
4.4) seem to provide more surface area than the conglomerate style ZnO or TiO 2 (Figure
4.2). Plans are underway to produce TiO2 nanowires as well.
After creation of nanostructured metal-oxide sintered ITO glass slides, ZOBiP-PSI
complexes or TOBiP-Fd were adsorbed onto them. The surfaces of these proteins
interfacing with semiconductors were then characterized electrochemically with cyclic
voltammetry, differential pulse voltammetry, and generation of photocurrent. We found
that both CV and DPV gave very similar values for the formal reduction potential of Fd
(Figure 4.7 and Figure 4.10). Furthermore, using both methods, TOBiP-Fd and WT-Fd had
virtually the same redox potential. This supports the data presented earlier (and also shown
by Tuo Zhu) that the TOBiP did not affect the structure or function of Fd. Cyclic
voltammetry was also performed on both WT-PSI and ZOBiP-PSI complexes adsorbed
onto ZnO. The CV results showed that the addition of the ZOBiP onto PSI did not affect
its ability to accept or donate electrons. These results support conclusions from Chapter 3
that the addition of ZOBiP onto PsaD and PsaE do not affect their structure, ability to
assemble into PSI, their function, or the function of PSI.
With the function of PSI unaffected by the addition of ZOBiP, we assayed the
abilities of different PSI-complexes adsorbed to TiO2 or ZnO to generate photocurrent. The
tests were run at the Army Research Laboratory with Dr. David R. Baker. The generation
of photocurrent using the WT-Fd or TOBiP-Fd-PSI complexes on TiO2 was many orders
of magnitude less than what was achieved on ZnO. This was most likely due to our
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application of either neutral or positive bias to these cells, as when the potential was shifted
from +400 mV to 0 V, the photocurrent generated increased from less than background to
630 nA/cm2 (Figure 4.11). These cells need to be tested again while they are being held at
negative potential. This was quite an oversight, as we saw increases in current output
corresponding to decreases in the potential applied. We expected photocurrent to flow into
the working electrode from PSI as in Figure 4.13A, due to the MOBiP orienting the stromal
hump towards the metal-oxide. This hypothesis is opposite from what we observed for all
of the solar cells we have tested this far, and that photocurrent flow originates from the
working electrode as in Figure 4.13B.
WT-PSI and ZOBiP-PSI bound to ZnO were tested while they were held at both
positive and negative potential. Initially, different potentials were tested for the WT-PSI
(Figure 4.12A) and ZOBiP-PSI (Figure 4.12B). The current generated by the ZOBiP-PSI
was negligible while potentials from -100 mV to +50 mV were sampled (Figure 4.12B).
Photocurrent generation of WT-PSI at -600 mV was ~11 uA/cm2 of photocurrent (Figure
4.12A), even though this experiment was very noisy. The noise may be explained by the
magnitude of the negative potential, which could affect the function of PSI. After this
experiment established that photocurrent could be generated with the devices generated
being held at negative potential, WT-PSI and ZOBiP-PSI adsorbed to ZnO were tested
while being held at a potential of -400 mV (Figure 4.12C). This verified that photocurrent
could be generated by our PSI complexes, and in fact 44 μA/cm2 of photocurrent was
generated under experiment conditions with illumination of 1.4 mW of 676 nm bandpass
filtered light. As with the case with TiO2, this experiment shows electron flow out of the
working electrode (Figure 4.13B). This means that the advantage of our stromal hump
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being in close proximity to the ZnO should not enhance the amount of photocurrent
generated in this experimental set-up, which we found to be true.
Overall, we found that the addition of ZOBiP to PSI may only be useful in allowing
more of the ZOBiP-PSI to bind to the ZnO than WT. However, more than twice as much
photocurrent was generated with a ZnO based DSSC as the Mershin et al. (2012) paper
with much less light introduced into the system (1.4 mW compared to 100 mW). This was
accomplished with the conglomerate-style ZnO, and we are hopeful that ZnO nanowire
based cells will provide greater surface area to produce even more photocurrent. Another
area that will most likely enhance photocurrent generation is to apply 1 x sunlight to our
devices. Most of the reported numbers come from photocurrent generated from the
application of AM 1.5 spectra, which is the standard spectra used by the American Society
for Testing and Materials Terrestrial Reference Spectra for Photovoltaic Performance
Evaluation (Figure 4.15). This was designed to be an average for the 48 contiguous US
states over a one year period at their average latitude (http://rredc.nrel.gov/solar
/spectra/am1.5/). Furthermore the amount of photocurrent generated in TiO2 based DSSCs
is generally much higher than devices using ZnO (Nguyen and Bruce, 2014), and we are
optimistic that devices taking advantage of TiO2 nanowires may be able to generate even
more photocurrent.
While we have shown that photocurrent can be generated with PSI and are in the
process of optimizing the yield of current, the transformation of this work into an education
module is something we are very proud of. Tennessee has risen from the 44th to the 24th
ranked state from 2011 to 2013 according to the NAEP (national assessment of education
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Figure 4.15 AM 1.5 Reference Spectra.
Shown is the reference spectra of solar irradiance per wavelength of light, both for sunfacing direct normal (red) and a 37 ° tilted surface (black). This is the spectra used by the
American Society for Testing and Materials (ASTM) Terrestrial Reference Spectra for
Photovoltaic Performance Evaluation. Data from http://rredc.nrel.gov/solar/spectra/am1.5/
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progress), and hopefully the addition of our DSSC TN-SCORE Energy Education Module
will help these gains to continue. This module introduces and/or reinforces the ideas of
energy scarcity, climate change, and solar energy; and has been taught to high-school
educators in this state. We hope that this module will generate interest in scientific research
in today’s world that emphasizes STEM (scientific, technology, engineering, and
mathematics) focused learning and will be taken advantage of as scientific outreach to our
community.
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CHAPTER 5
TOWARDS IN VIVO PRODUCTION OF ZOBIPPSI
5.1

Generation of ZOBiP-PsaD and ZOBiP-PsaD in Genomic DNA
While we have optimized the in vitro replacement of Syn 6803 PsaD and PsaE, this

protocol is still very time and energy intensive. We are also working on optimizing the
replacement reaction in T.e. However, this reaction will most likely need to be run at 50
°C and thus, will be even more energy intensive than replacement of Syn 6803. To
circumvent the isolation of recombinant protein, the replacement reaction, and the rerecovery of MOBiP-PSI; we are attempting to transform Syn 6803 so that it produces
ZOBiP-PsaE in place of WT PsaE (Figure 5.1). This will save a great deal of time and
energy and Syn 6803 is an ideal organism because it has a sequenced genome (Kaneko et
al., 1996) and methods available for genetic manipulation.
As mentioned in section 2.24, 500 bp of DNA flanking the PsaE on the 5’ and 3’
end were included in the construct, the ZOBiP was introduced onto the 5’ end of the PsaE
gene, and a kanamycin resistance cassette was inserted 3’ of the PsaE stop codon as shown
in Figure 5.2A. This was designed so that homologous recombination can occur via the
upstream and downstream DNA. It was decided to use PsaE, because Syn 6803 showed no
growth defects when PsaE was knocked out (Chitnis et al., 1989), but was deficient under
photosynthetic growth when PsaD was knocked out (Chitnis et al., 1989). After the
construct was created via cloning and transformation into the pBS-KS vector (Figure 5.2B),
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Figure 5.1 in vitro Replacement vs in vivo Production.
This shows the steps to produce ZOBiP-PSI with in vitro replacement and with in vivo
production. A) is the purification of WT PSI from cyanobacteria along with purification of
recombinant ZOBiP-PsaD and ZOBiP-PsaD from E. coli, for a total of three purifications.
B) shows separation of PSI from soluble subunits after centrifugation over a sucrose
gradient. The subunits are on top, but not visible to the eye, while PSI is closer to the
bottom and is visible. C) shows the recovered ZOBiP-PSI. D) is the purification of ZOBiPPsaE containing PSI from cyanobacteria expressing a ZOBiP-PsaE instead of a WT one.
This would be produced with one purification only.
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Figure 5.2 Production of ZOBiP-PsaE DNA.
A) shows a figure key describing the individual pieces of DNA needed to make the
construct for replacing WT PsaE with ZOBiP-PsaE in Syn 6803 with restriction enzymes.
B) represents steps in assembling this construct, and C) is the results of running isolated
DNA on an acrylamide gel. U is for uncut DNA, K is KpnI cut DNA, S is for SacI cut
DNA, and K&S is double cut DNA. Labeled on the gel are supercoiled [S] and circular [C]
DNA in the uncut lanes. F represents full length plasmid that has been linearized in the
single cut lanes. Lastly V is vector DNA, and I is the insert. D is schematic showing where
homologous recombination will occur.
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the DNA was confirmed via colony PCR (Figure 5.2C), and sequencing. With the construct
verified, transformation of Syn 6803 was then performed.

5.2

Natural Transformation and Screening of Transformants
With confirmation of our plasmid for the transformation of Syn 6803, the

transformation was performed using optimal conditions according to the paper by (Zang et
al., 2007), which are reviewed in section 2.25. Immediately after the transformation BG11 plates with kanamycin were covered with cyanobacteria, and were green as shown in
Figure 5.3A. After ~ 1 week the plate would clear, as the Syn 6803 that was resistant to the
kanamycin would die (Figure 5.3B). This would leave individual colonies on the plate alive
to grow, they would become visible after 2-4 weeks (Figure 5.3C). These individual
colonies were re-streaked onto fresh BG-11 plates with kanamycin and colony pcr was
performed (Figure 5.3D). Despite multiple attempts to transform Syn 6803, none of the
colonies have been confirmed via colony PCR. Even to achieve colonies that were resistant
to the kanamycin took multiple attempts. However, we have decided to attempt a new
strategy for the construct we will be using.

5.3

New Strategy without Terminator
In the construct generated earlier, the kanamycin resistance cassette contained

transcription terminators upstream and downstream of the gene (Figure 5.4A). It was
decided to manufacture a construct that will produce the ZOBiP-PsaE and kanamycin
resistance on the same RNA (Figure 5.4B). This will allow a decrease in the length of the
inserted DNA between the homologous recombination sites, as well as decreasing the
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Figure 5.3 Transformation of Syn 6803.
Shown above are steps in transformation of Syn 6803. A is the plate after spreading the
naturally transformed Syn 6803. The plate clears during the course of ~ 2-3 days as shown
in B, and after 2-3 weeks colonies begin to grow (C). D is a representative colony PCR that
was run with colonies after transformation. WT band is marked on the gel in white, along
with the correct size for inserted DNA. None of these colonies were positive for the insert.
There was a really large insert marked with triangle in 2 of the colonies.
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Figure 5.4 New Strategy for Production of ZOBiP-PsaE DNA.
Shown above are schematics (A and B) for production of ZOBiP-PsaE capable of
transforming Syn 6803. A represents the strategy that has not worked to this point, while
the terminators and promoter are removed in B. This will code for one long RNA, instead
of coding for two and also shortens the construct. DNA is shown to scale. distance from
the kanamycin resistance and the ZOBiP. Confirmed colonies produced by other Bruce lab
members employed this strategy, and we are optimistic that this strategy will work for
ZOBiP-PsaE transformation.
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5.4

Conclusions
The goal of this chapter is producing Syn 6803 with ZOBiP-PSI complexes via

genetic manipulation, and we are working towards that goal. This will save time and energy
by eliminating the replacement reaction, as well as ensuring a 100% yield of ZOBiP-PSI
complexes. It is hard to speculate why transformations that produce kanamycin resistant
colonies have failed to provide confirmation of the correctly inserted DNA via colony pcr.
We are hopeful that there is some mistake in homologous recombination that can be
corrected with the construct shown in Figure 5.4B that will produce one long RNA with
both ZOBiP-PsaE and the kanamycin resistance gene.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Production of MOBiP-PSI Complexes and their Incorporation
into BH-DSSC
6.1.1

Previous Understanding
The dependence of humankind on fossil fuels has negatively impacted the planet in

terms of climate change via increased CO2 emissions (Farquhar et al., 1989; Bohm et al.,
2002) and an increased rate of extinction in other species (May, 1988). Additionally, there
is a limited supply of fossil fuels (Shafiee and Topal, 2009) and globally there are still
billions of people without any access to electricity (WEO-2014). Taken together, this data
has led many scientists, policy-makers, and corporations to attempt to harness renewable
energy to meet these needs. The process of harnessing many different forms of renewable
energy, including nuclear fission, hydroelectric, wind turbines, geothermal, tidal, biomass,
and solar are being explored. While the answer to the energy crisis will most likely employ
a mixture of these technologies, we believe that solar energy has the largest potential to
provide energy on a global scale. This is because of the large excess of solar energy that is
constantly irradiating the earth (Gust et al., 2009). In fact, all fossil fuels originated via
photosynthetic organisms harvesting solar energy.
One of the technologies seeking to harvest and convert solar energy to electricity is
the dye-sensitized solar cell. The DSSC was introduced nearly 25 years ago (O'Regan and
Gratzel, 1991), consisting of three components: a dye capable of creating charge separation
via photons, a semiconductor that the dye injects excited electrons into, and a liquid
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electrolyte that regenerates the dye (Hagfeldt et al., 2010). Since their inception, thousands
of combinations of dyes and electrolytes have been investigated (Hagfeldt, 2012). With
this in mind, the conventional DSSC comprises a mesoporous TiO2 semiconductor, a Rucomplex dye, an I-/I3- electrolyte, and a platinum TCO (transparent conductive oxide)
counter-electrode. While these traditional DSSC have achieved efficiencies over 13%
(Mathew et al., 2014), there are still drawbacks associated with these conventional DSSCs.
These include the toxicity of the rare-earth synthetic dyes, as well as the scarcity and
expense of the platinum based counter-electrode, and the toxicity of the electrolyte
solution.
It was to overcome these limitations that the incorporation of photosynthetic
reaction centers in replacing synthetic dyes was evaluated (Terasaki et al., 2006). By using
PSI in place of synthetic dyes, the possibility to use different components in the liquid
electrolyte to regenerate PSI was opened. In fact, many different redox mediators including
DCIP, DCPIP, K4Fe(CN)6, Os(bpy)2Cl2, and Co(II)/Co(III) have been used as donors; with
NQC15, K3Fe(CN)6, MV2+, and methylene blue used as acceptors (Nguyen and Bruce,
2014). It was hypothesized that the orientation of PSI complexes with respect to the metaloxide semiconductors could lead to a decreased yield of photocurrent (Figure 1.19). This
led to an earlier collaboration in which ZOBiP was fused to PsaE from M. laminosus
(Mershin et al., 2012). This was used to replace PsaE from T.e. and ZOBiP-PSI was
recovered. This was used to generate a photocurrent of 18.9 μA/cm2 under 98.5 % sunlight,
and showed an advantage over WT PSI.
In summary, while DSSCs are a promising approach to harvest solar energy
(Hagfeldt et al., 2010; Mathew et al., 2014), replacing conventional dyes with biological
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macromolecules may help alleviate some of the problems stemming from the use of the
synthetic dyes (Frolov et al., 2005; Badura et al., 2011; Mershin et al., 2012; Chang et al.,
2014).
6.1.2

Project Achievements
Initially we sought to accomplish two goals with this work: to enhance the ability

of PSI to donate electrons to a semiconductor and to increase the surface area of the
semiconductor. Both of which would increase photocurrent generated by our BH-DSSCs.
In order to enhance the ability of PSI to donate electrons to a metal-oxide
semiconductor ZOBiP was fused onto the N-termini of PsaD and PsaE of Syn 6803 and
T.e. We envisioned that this would give a more uniform and therefore productive
orientation of PSI with respect to the semiconductor (Figure 1.19). Unlike previous work,
which used stromal subunits from other organisms with ZOBiP additions (Mershin et al.,
2012), we decided to replace the WT PsaE and PsaD with ZOBiP-PsaD and PsaE from the
same organism, in an effort to create ZOBiP PSI complexes that would assemble better and
could be more active. We recombinantly produced ZOBiP-PsaD and ZOBiP-PsaE from
both Syn 6803 and T.e. in E. coli. These proteins were characterized and confirmed by
circular dichroism, MALDI-TOF MS, and Western blotting. The abilities of the ZOBiP
subunits and, later, ZOBiP-PSI complexes to bind to ZnO were also investigated. We
optimized the exchange reaction conditions for Syn 6803, achieving exchange of WT
subunits with ZOBiP ones at nearly 100% efficiency (Figure 3.9). Plans are underway to
optimize the exchange reaction conditions for T.e. as well, and our best attempts to this
point have generated exchange efficiencies of around 60%.
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In an attempt to circumvent the cons of the exchange reaction (purification of
recombinant protein, the exchange, re-recovery of ZOBiP-PSI, concentration of ZOBiPPSI) a construct that can replace Syn 6803 WT PsaE with a ZOBiP-PsaE using homologous
recombination and kanamycin resistance (Figure 5.4A) was designed. Towards this end,
construction and verification of this plasmid and transformation of Syn 6803 has been
performed many times. Even with colonies growing on kanamycin resistant plates, the
insertion of DNA of a size corresponding with the desired construct (Figure 5.3D) has not
been confirmed. A new strategy to produce a long RNA including the genes for ZOBiPPsaE and kanamycin resistance (Figure 5.4B) is currently being undertaken. It is our hope
that this strategy will be fruitful, and produce ZOBiP-PSI complexes that can be isolated
with only one purification, saving time, energy, and money.
Another focus of this project was to increase the surface area of the metal-oxide
semiconductors, allowing more of the MOBiP-PSI complexes to bind, thus increasing the
amount of photocurrent generated. Towards this end, conglomerate-style mesoporous TiO2
and ZnO layers sintered onto ITO coated glass slides (Figure 4.1) were manufactured.
While these slides have increased surface area when compared to monolayers or thin
layers, ZnO nanowires have also been produced in an attempt to further increase the DSSC
surface area (Figure 4.4 and Figure 4.5). These nanowire slides need to be tested for any
increase they afford in PSI complex binding. Additionally, plans to purchase equipment
needed to perform the growth of TiO2 nanowires (because the reaction requires conditions
we are not capable of creating with current equipment limitations) are underway. Overall,
this part of the project was quite successful.
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Combining these pieces of the project, along with the TOBiP-Fd produced and
characterized by Tuo Zhu, the next step in this project was to adsorb different protein
complexes onto different metal-oxide semiconductors and to characterize the proteinsurface interactions. TOBiP-Fd was characterized on the surface of TiO2 by cyclic
voltammetry (Figure 4.7) and differential pulse voltammetry (Figure 4.10). These assays
confirmed that the TOBiP did not affect the ability of Fd to donate or accept electrons. The
ZOBiP-PsaD and ZOBiP-PsaE replaced PSI was also adsorbed to the surface of a
conglomerate-style ZnO slide and characterized by cyclic voltammetry (Figure 4.8). This
assay, along with all of the others performed on the ZOBiP subunits as well as ZOBiP PSI,
demonstrated that the addition of the N-terminal ZOBiP subunit did not interfere with the
structure or function to PSI either.
After establishing that the MOBiPs did not affect the PSI complexes, photocurrent
was generated with our DSSCs, using Os(bpy)6Cl2 and MV2+ as the redox donor and
acceptor for PSI. Using this set-up, and holding the working electrode with PSI adsorbed
onto it at different potentials, light-driven current was produced. The highest photocurrent
density was achieved when the working electrode was held at -400 mV, using ZOBiP-PSI
and WT PSI on ZnO. These complexes generated a peak photocurrent of 44 μA/cm2, with
an average of 28 μA/cm2. It seemed that the ZOBiP tag did not have an effect on the
amount of photocurrent generated. This disagrees with what was seen in the Mershin et al.
(2012) paper, but we used conditions that would allow saturation of the ZnO by PSI
complexes, where their experiments were limited by PSI complexes. In their work, a
possible explanation for their increase in photocurrent was that the ZOBiP-PSI may just
bind the electrode better and therefore be more abundant. This is worth evaluating in our
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experiment as well, which we can accomplish by decreasing the concentration/time of
adsorption of PSI. However, the photocurrent density generated (when normalized to input
power) was the highest yet achieved, even with these experiments run on mesoporous ZnOITO slides. This is very encouraging for our future work.
Lastly, I am very personally proud of the education module that we have put
together for middle/high school outreach. It is extremely satisfying to be able to adapt my
research into a lab that will help future scientists, lawyers, and voters that may generate
interest in science, bioenergy, and climate change.
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Table A1 BG-11 Media Components

#

Component

Amount

Stock Solution Conc.

Final Conc.

1

NaNO3

10 mL/L

30 g/200 mL ddH2O

17.6 mM

2

K2HPO4

10 mL/L

0.8 g/200 mL ddH2O

0.23 mM

3

MgSO4·7H2O

10 mL/L

1.5 g/200 mL ddH2O

0.3 mM

4

CaCl2·2H2O

10 mL/L

0.72 g/200 mL ddH2O

0.24 mM

5

Citric Acid·H2O

10 mL/L

0.12 g/200 mL ddH2O

0.031 mM

6

Ferric Ammonium Citrate

10 mL/L

0.12 g/200 mL ddH2O

0.021 mM

7

Na2EDTA·2H2O

10 mL/L

0.02 g/200 mL ddH2O

0.0027 mM

8

Na2CO3

10 mL/L

0.4 g/200 mL ddH2O

9

BG-11 Trace Metal Solution

1 mL/L

10

Sodium Thiosulfate
Pentahydrate

1 mL/L

0.19 mM

*See Appendix 2*
49.8 g/200 mL ddH2O
*For use in Agar only*

1 mM
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Table A2 BG-11 Trace Metal Solution

#

Component

Amount

Final Conc.

1

H3BO3

2.86 g/L

46 mM

2

MnCl2·4H2O

1.81 g/L

9 mM

3

ZnSO4·7H2O

0.22 g/L

0.77 mM

4

Na2MoO4·2H2O

0.39 g/L

1.6 mM

5

CuSO4·5H2O

0.079 g/L

0.3 mM

6

Co(NO3)2·6H2O

49.4 g/L

0.17 mM

Add all ingredients to 900 mL ddH2O, with continuous stirring. Bring to 1 L w ddH2O,
store at 4°C.
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Table A3 Primers

Name

Sequence

NdeI_Syn6803_psaD_F
*XmaI_Syn6803_psaD_R
*This
NdeI_Syn6803_psaE_F
XmaI_Syn6803_psaE_R
NdeI_Te_psaD_F
XmaI_Te_psaD_R
NdeI_Te_psaE_F
XmaI_Te_psaE_R
NotI for Syn_psaD
NotI for Syn_psaE
NotI for Te_psaD
NotI for Te_psaE
ZnO_Top_1
ZnO_Top_2
ZnO_Bottom_1
ZnO_Bottom_2
2KU_SDZ_F1
2KU_SDZ_R
2KU_SDZ_F
SDZ_2KD_R
SDZ_2KD_F
2KD_SDZ_R1
2KU_SEZ_F1
2KU_SEZ_R
2KU_SEZ_F
SEZ_2KD_R
SEZ_2KD_F
2KD_SEZ_R1
2KU_TDZ_F1

GTT
CTC
GTC
GTT
GTT
GTG

GGT GGT CAT ATG ACA GAA CTC TCT GGA CAA CC
GGT AAT CCC GGG * ACC TCG TAG GGG*
Primer Was a Mistake and Caused a Point Mutation*
GGT GGT CAT ATG GCC TTA AAT CGT GGT GAC AAA G
GGT AAT CCC GGG TTT TGC CGC CGC
GGT GGT CAT ATG ACA ACA CTC ACT GGG C
GGT AAT CCC GGG TGG ATC GTA GGG C
GGT GGT CAT ATG GTG CAA CGT GGT TC
GGT AAT CCC GGG TTT ACC TTT TTT GGG
CCT CCT CAT ATG AGC GGC GGC GGC CGC ATG ACA GAA CTC TCT GGA CAA CCG CCT AAA
CCT CCT CAT ATG AGC GGC GGC GGC CGC ATG GCC TTA AAT CGT GGT GAC AAA GTT AGA
CCT CCT CAT ATG AGC GGC GGC GGC CGC ATG ACA ACA CTC ACT GGG CAA CCC CCG CTC
CCT CCT CAT ATG AGC GGC GGC GGC CGC ATG GTG CAA CGT GGT TCT AAA GTC AAG ATT
TAT GCG CAG CAA CAC CCG CAT GAC CGC
GCG CCA GCA TCG CAG CGC GAA CCA TAA AAG CAC CCA GCG CGC GCG CAG CGG CGG C
GGC CGC CGC CGC TGC GCG CGC GCT GGG TG
CTT TTA TGG TTC GCG CTG CGA TGC TGG CGC GCG GTC ATG CGG GTG TTG CTG CGC
GGC CGC CTG ATC CTC TGG GTC AAT G
CAT GCG GGT GTT GCT GCG CAT AGG GAT GAA AAT GGA ATT TCA TAA GGT ATT TTA GG
CCT AAA ATA CCT TAT GAA ATT CCA TTT TCA TCC CTA TGC GCA GCA ACA CCC GCA TG
CCG CAA GCA AGT AGA GCC AGG AAG ATA TCC TAG ACC TCG TAG GGG GCT TTA CCG GAG
CGG TAA AGC CCC CTA CGA GGT CTA GGA TAT CTT CCT GGC TCT ACT TGC TTG CGG AAC
GGG ACA TGG TGT GGA TCA TTT CCA GG
CCA CTG CAT CCA GAT CCA CCG CAG
ATG CGG GTG TTG CTG CGC ATG ATT TAA TTC CTT AGA TAA TTG CGA TTT GTA AAA AAC
TTT TAC AAA TCG CAA TTA TCT AAG GAA TTA AAT CAT GCG CAG CAA CAC CCG CAT GAC
CAA CAA TGC AAA TTT AGT CCA CAG TCA AGA AAG CTT CTA TTT TGC CGC CGC TTG CAC
CAA GCG GCG GCA AAA TAG AAG CTT TCT TGA CTG TGG ACT AAA TTT GCA TTG TTG AAC
GTC CTT GGC GTT CTG CCT GGT GG
GTC AAT CCC CTC CAT GTC TCA TCT AAG G
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Name
2KU_TDZ_R
2KU_TDZ_F
TDZ_2KD_R
TDZ_2KD_F
2KD_TDZ_R1
2KU_TEZ_F1
2KU_TEZ_R
2KU_TEZ_F
TEZ_2KD_R
TEZ_2KD_F
2KD_TEZ_R1
XbaI-5U-SD-F
XhoI_NdeI-5U-SD-R
NdeI_5U_ZSD-F
XhoI_5U_ZSD-R
XhoI_HindIII_5D_SD-F
KpnI_5D_SDZ-R
SacI_5U_SEZ-F
XhoI_NspI_5U_SEZ-R
XspI_SEZ-F
XhoI_SEZ-R
XhoI_HindIII_5D_SEZ-F
KpnI_5D_SEZ-R
XbaI_5U_TDZ-F
SalI_SphI_5U_TDZ-R
SphI_TDZ-F
SalI_TDZ-R
SalI_HindIII_5D_TDZ-F
KpnI_5D_TDZ-R
XbaI_5U_TEZ-F
XhoI_SphI_5U_TEZ-R
SphI_TEZ-F
XhoI_TEZ-R
XhoI_HindIII_5D_TEZ-F

Sequence
CAT
CGT
GAT GAT AAA GAA CGT TCA
CAC TGG CAA AAA GCC CTA
CAT
GCC
GTA ATT CCG GCA
GAA GTG GCT CCC

GCG
CAG
GCA
CGA

GGT
AGA
GCG
TCC

GTT
TTG
ACA
ATA

GCT
AGG
AGC
GAA

GCG
ATC
TTC
GCT

CAT
GAA
TAT
TGT

GCG TTC GAT CCT CAA TCT CTG ACG
CGC ATG CGC AGC AAC ACC CGC ATG
GGA TCG TAG GGC TTT TTG CCA GTG
CGC TGC TGA ACG TTC TTT ATC ATC
CCT GAG CCA GTT GGC CAC TGC GG
CGC CGT GCC CTG CAA CGT CTC
GCG GGT GTT GCT GCG CAT GAG TTA TCG TCC TAA AAA TTT CTC AAC GGC
GTT GAG AAA TTT TTA GGA CGA TAA CTC ATG CGC AGC AAC ACC CGC ATG
CAA TCC CAA AAA AAG CTT CTA TTT ACC TTT TTT GGG GGG AGC CAC TTC
CCC AAA AAA GGT AAA TAG AAG CTT TTT TTG GGA TTG TGC CGG AAT TAC
GCC GCC TTA GAA AAA TTA TTG GCA GTG ATC
GGT GGT TCT AGA GAA GTA TTT TCG TAA AAG CGA CTG GAA AAC CGG GC
ACC ACC CTC GAG AAA CCA AAC CCA TAT GGA TGA AAA TGG AAT TTC
GGT GGT CAT ATG CGC AGC AAC ACC CGC
ACC ACC CTC GAG TTA GAC CTC GTA GGG GGC
GGT GGT CTC GAG AAG CTT TTC CTG GCT CTA CTT GCT TG
ACC ACC GGT ACC ACC CCA AAC CCC AAA CAG
GGT GGT GAG CTC ACC ATG ATT TTT TTG TTA GG
ACC ACC CTC GAG AAA CCA AAC CGC ATG CTT TAA TTC CTT AGA TAA TTG
GGT GGT GCA TGC GCA GCA ACA CCC GC
ACC ACC CTC GAG TTA TTT TGC CGC CGC TTG CAC C
GGT GGT CTC GAG AAG CTT TCT TGA CTG TGG ACT AAA TTT G
ACC ACC GGT ACC ATT CCG CCG TAA AAT CCG CC
GGT GGT TCT AGA CTC CTG ATT GAG ATC AGG AAT GAG
ACC ACC GTC GAC AAA CCA AAC CGC ATG CGT TCG ATC CTC AAT C
GGT GGT GCA TGC GCA GCA ACA CCC GCA
ACC ACC GTC GAC TTA TGG ATC GTA GGG CTT TTT GC
GTC GAC AAG CTT GTC GCT GCT GAA CGT TCT TTA TC
ACC ACC GGT ACC CCA CCA GTT GGC GAT C
GGT GGT TCT AGA AGA ATT CTT CCT CGT CTT TG
ACC ACC CTC GAG AAA CCA AAC CGC ATG CGT TAT CGT CCT AAA AAT TTC
GGT GGT GCA TGC GCA GCA ACA CCC GC
ACC ACC CTC GAG TTA TTT ACC TTT TTT GGG GGG AGC CAC
GGT GGT CTC GAG AAG CTT TTT TTG GGA TTG TGC CGG

147

Name
KpnI_5D_TEZ-R
pTYB2-SD_Fix_3’-R
pTYB2-SD_Fix_3’-F
NdeI_Syn_psaC_F
XmaI_Syn_psaC_R
NdeI_Te_psaC_F
XmaI_Te_psaC_R
XmaI_Syn_psaC_R_NS
XmaI_Te_psaC_R_NS
XhoI-Te-psaC-R
XhoI-Syn-psaC-R
ZOBIP-R
ZOBIP-F
NspI remove F
NspI remove R
ZSD-No_M-F
ZSD-No_M-R
ZSE-No_M-F
ZSE-No_M-R
ZTD-No_M-F
ZTD-No_M-R
ZTE-No_M-F
ZTE-No_M-R
1ku-sd-f
1ku-sd-r
1ku-se-f
1kd-se-r
1ku-td-f
1kd-td-r
1ku-te-f
1kd-te-r

Sequence
ACC ACC GGT ACC TTT AAT GGA GCG ACG ACA G
CCC TTG GCA AAG CAC CCG GGG ACC TCG TAG GGG GCT TTA CC
GGT AAA GCC CCC TAC GAG GTC CCC GGG TGC TTT GCC AAG GG
CCG CCG CAT ATG TCC CAT AGT GTA AAA ATT TAC
CGG CGG CCC GGG TTA GTA AGC TAA ACC CAT ACT G
CCG CCG CAT ATG GCT CAC ACT GTC AAA ATT TAC
CGG CGG CCC GGG CTA GTA GGC TAG ACC CAT GCT G
GGA TAT CCC GGG GTA AGC TAA ACC CAT ACT G
GGA TAT CCC GGG GTA GGC TAG ACC CAT GC
CAA CAA CTC GAG GTA GGC TAG ACC CAT GCT G
CAA CAA CTC GAG GTA AGC TAA ACC CAT ACT GC
CAA CAA CCC GGG CCG CCG CTG CGC GCG CGC
CCA CCA CAT ATG CGC AGC AAC ACC CGC ATG
CAG GAA AGA ACT TGT GAG CAA AAG
CTT TTG CTC ACA AGT TCT TTC CTG
CGC AGC GGC GGC GGC ACA GAA CTC TCT GGA
TCC AGA GAG TTC TGT GCC GCC GCC GCT GCG
CGC AGC GGC GGC GGC GCC TTA AAT CGT GGT
ACC ACG ATT TAA GGC GCC GCC GCC GCT GCG
CGC AGC GGC GGC GGC ACA ACA CTC ACT GGG
CCC AGT GAG TGT TGT GCC GCC GCC GCT GCG
CGC AGC GGC GGC GGC GTG CAA CGT GGT TCT
AGA ACC ACG TTG CAC GCC GCC GCC GCT GCG
CAG CCG CTC CGC CAT CTC G
GGT TTT GCC CCT GGG TCT GGT G
GGG GCA GGG AAC GGG TAA CCT G
CAC CGC TCT AAT TTT GGC TGA CAC TG
CGG ATT GCC TTT GGT ATG GGA CTC
CGG AAA TGC GGG CAG ACT ACA AC
CTC CAG CCG CTC CGC CAT CT
TCC AGT TGG CGA TCG GCT TTG A
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Table A4 PCR Recipe

10 x ExTaq Buffer

5 μL

10 mM dNTP mix (2.5 mM each)

4 μL

Forward Primer (10 μM)

1 μL

Reverse Primer (10 μM)

1 μL

Template DNA (200 ng/μL)
ExTaq (5 Units/μL)
ddH2O
Total Reaction Volume

0.4 μL
0.25 μL
39.45 μL
50 μL
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Table A5 PCR Cycling Conditions

1

94 °C

5 min

2

94 °C

30 sec

3

50 °C*

30 sec

4

72 °C

1.5 min#

5

Repeat steps 2-4 34 additional times

6

72 °C

7 min

7

4 °C

Hold

*

This temperature is the average of the Tm of both primers used

#

This time is adjusted to 1 min per kbp of DNA to be amplified
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Table A6 Ligation into pGEM-T Easy

2 x Rapid Ligation Buffer

5 μL

pGEM-T Easy Vector (100 ng/μL)

1 μL

PCR Product (various concentrations)

3 μL

T4 DNA Ligase (3 Units/μL)

1 μL

Total Reaction Volume

10 μL
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Table A7 Colony PCR Recipe

5 x GoTaq Buffer

5 μL

10 mM dNTP mix (2.5 mM each)

2 μL

Forward Primer (10 μM)

0.5 μL

Reverse Primer (10 μM)

0.5 μL

GoTaq (5 Units/μL)

0.1 μL

30% Triton X-100

0.2 μL

ddH2O
Total Reaction Volume

16.7 μL
25 μL

*Colony is added directly to the ddH2O in the PCR tube before addition of remaining
ingredients.
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Table A8 Colony PCR Cycling Conditions

1

94 °C

5 min

2

94 °C

30 sec

3

50 °C*

30 sec

4

72 °C

1.5 min#

5

Repeat steps 2-4 34 additional times

6

72 °C

7 min

7

4 °C

Hold

*

This temperature is adjusted to the average of the Tm of both primers used

#

This time is adjusted to 1 min per kbp of DNA to be amplified
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Table A9 Ligation into pTYB2

10 x Ligation Buffer

1 μL

pTYB2 Vector (various concentrations)

2 μL

Digested Insert (various concentrations)

6 μL

T4 DNA Ligase (3 Units/μL)

1 μL

Total Reaction Volume

10 μL

* Both vector and insert are gel purified, which makes their concentrations variable. The
ratio we look to set up is generally a 3:1 molar ratio of insert to vector DNA.
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Table A10 SDS-PAGE Gel Recipes

Resolving Gel
30 % Acrylamide

2 mL
400 μL

3 M Tris-HCl pH 8.8, 1 % SDS
60% Sucrose

1 mL
570 μL

ddH2O
10 % APS

20 μL

TEMED

10 μL

Total Reaction Volume

4 mL

* All ingredients in the first section are mixed, then the APS and TEMED are added and
mixed. The gel is then poured and covered with a layer of isopropanol.

Stacking Gel
30 % Acrylamide

320 μL

500 mM Tris-HCl pH 6.8, 0.4 % SDS

500 μL

ddH2O

*

1150 μL

10 % APS

20 μL

TEMED

10 μL

Total Reaction Volume

2 mL

Isopropanol is removed from the polymerized gel. All ingredients in the first section

are mixed, then the APS and TEMED are added and mixed. The gel is poured to the top
and a comb inserted.
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